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Sacral agenesis is a congenital malformation in which the lower part of the 
vertebral column is partially or totally missing. Apart from vertebral agenesis, 
anomalies affecting the genitourinary, gastrointestinal and nervous systems are 
frequently associated with this birth defect. Sacral agenesis is especially common in 
infants of diabetic mothers and also occurs in cases of excess intake of vitamin A 
during pregnancy. 
To obtain information on the underlying cellular and molecular basis of 
development of this defect, a mouse model of sacral agenesis, induced by retinoic 
acid (RA, a vitamin A metabolite), was employed in this study. RA at a dose ranging 
from 25 to 100 mg/kg body weight, was injected intraperitoneally into ICR mice at 
various time points between 9.25 and 10.25 days of pregnancy. Results showed that 
various degrees of vertebral agenesis were induced in the offspring, with effects more 
severe when using a higher dose and also when RA was applied at earlier time points. 
Besides vertebral defect, a number of anomalies similar to those found in human 
sacral agenesis, were also present in this mouse model. 
To determine the early effect of RA on development, embryos were examined 
within 48 hours after RA injection. It was found that massive cell death occurred in 
the tail bud at 24 hour and the tail bud terminated in growth. 
xi 
By using DNA electrophoresis to detect internucleosomal cleavage, the nature 
of cell death was confirmed to be apoptosis. Staining of histological sections of the 
tail bud with the in situ end-labeling method showed that apoptotic cells were present 
throughout the tail bud mesenchyme. Down-regulation of Wnt-5A expression in the 
tail bud suggested that the residual cells were also not functioning properly. Since 
most of the sacral and caudal tissues, including the lower vertebrae, are derived from 
the tail bud mesenchyme, excessive death of tail bud cells may account for failure in 
development of these tissues, resulting in sacral agenesis. 
� RA usually exerts its effect via the RA receptors in which there are three 
subtypes, namely, RAR-a, RAR-p and RAR-y. Therefore, whole mount in situ 
hybridization was carried out on embryos at 2, 5，10 and 24 hour after RA injection to 
determine whether there was any change in expression patterns of these receptors, 
particularly at the tail bud region. Results showed that RAR-P remained unexpressed 
in the tail bud throughout all investigated time points. However, RAR-a was highly 
up-regulated in the tail bud as soon as 2 hours after RA treatment and RAR-y 
transcripts were also detected in the tail bud. These findings suggested that RAR-a 
and RAR-y might be involved in mediating the effect of RA in inducing SA. 






Chapter 1: General Introduction 
1.1 Sacral Agenesis 
Sacral Agenesis (SA) is a kind of birth defect which affects the lower part of 
the body. Other terms used to describe the same/ similar defect include caudal 
agenesis, caudal regression，caudal aplasia etc. In SA, the major site of abnormality is 
the vertebral column, and the level being affected can range from coccygeal to sacral, 
lumbar and thoracic (Andrish et al., 1979; Pang, 1993). Since most of the vertebral 
anomalies occur in sacral and coccygeal regions, the term ‘sacral agenesis, is 
commonly used. In addition to vertebral defect, gastrointestinal，genitourinary and 
neurological anomalies are often associated with SA. Because of these multiple 
severe congenital anomalies, SA patients may have typical features of other 
syndromes such as OEIS complex (concurrent omphalocele, cloacal exstrophy, 
imperforate anus and spinal deformities) and VATER syndrome (non-random 
association of vertebral abnormality, anal imperforation, tracheoesophageal fistula 
and renal-radial anomalies) (Pang, 1993; Pauli, 1994). 
Most of the fetuses with severe SA die at prenatal or neonatal periods. The 
incidence rate is about 1 per 25,000 live births (Rusnak and Driscoll，1965). The 
actual figure may be higher since individuals with minor SA，such as partial absence 
of the coccygeal vertebrae, may appear normal at birth and live as normal persons if 
remain asymptomatic. Diagnosis of SA can be carried out by examining the external 
features of the patients, e.g.: deformed/ paralysed leg, deformed hip and short trunk 
are often correlated with SA. Magnetic resonance imaging，computed tomographic 
myelogram and X-ray are also employed in the diagnosis of SA (Phillips, 1994). 
• 
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Regarding management, urological, neurological and orthopaedic treatments are 
usually needed to deal with SA (Pang, 1993; Phillips, 1994). 
1.1.1 Skeletal anomalies 
In SA, there are various degrees of agenesis of vertebrae. Renshaw (1978) 
classified SA into four types: Type I has total or partial unilateral agenesis of the 
sacrum; Type II has partial agenesis of the sacrum with a bilateral symmetrical defect 
and a stable articulation between the ilia and a normal or hypoplastic first sacral 
vertebra; Type III has complete agenesis of the sacrum with variable number of 
lumbar vertebrae, the ilia articulate with the side of the lowest vertebra present; Type 
IV is similar to type III，except the lowest vertebra rests above the fused ilia or an 
iliac amphiarthrosis. 
Among the various types of vertebral agenesis, iliosacral articulation is 
seriously affected in type IV and type I SA. In type IV SA, the ilium articulates or 
fuses with each other below the last lumbar vertebra and the transverse pelvic 
diameter is severely reduced. Patients with this type of vertebropelvic instability have 
difficulties in sitting and walking. To correct such anomaly, surgical lumbopelvic 
stabilisation is employed (Dumont, 1993). In type I SA, due to unilateral agenesis of 
vertebrae, the ilium on the two sides does not articulate to the same vertebra. As a 
result, pelvis is severely tilted to one side. 
3 
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For the lower extremities, knee flexion contracture, club foot, vertical talus 
are frequently found in patients with SA. Although bony defects above the level of 
vertebral agenesis are seldomly detected, fused or duplicated ribs are reported in some 
cases (Pang, 1993; Pauli, 1994). 
1.1.2 Neurological anomalies 
The degree of neurological anomalies found in SA patients is usually related 
with the degree of vertebral anomalies. Generally，the more severe in vertebral 
anomalies, the more severe in neurological problems can be found (Pang, 1993; 
Phillips, 1994 ). The lowest level of normal motor function is usually at the same 
level as the last normal vertebra since the absence of caudal vertebrae is always 
associated with the absence of the corresponding motor nerves. For those patients 
with severe SA, distal leg atrophy or paralysis is commonly found. The dorsal 
sensory function, however, preserves much better than the ventral motor function and 
the last sensory level is usually found below the last normal vertebra. The reason for 
this difference in the level of sensory and motor functions being affected remains 
unclear. It is suggested that since the ventral region of the neural tube receives blood 
supply earlier than the dorsal region, teratogens may therefore affect the ventral side 
to a greater extent. Furthermore, the ventral motor nerve development depends on the 
induction of Sonic hedgehog (Shh), a signal protein secreted from the notochord and 
the floor plate (Roelink et al., 1995). Abnormal notochord and floor plate 
development may therefore alter Shh secretion which in turn affects development of 
motor nerves. Unlike motor nerves，dorsal sensory ganglia and sensory nerves are 
, 
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derived from nearby neural crest cells. Except in the early stage, the differentiation of 
neural crest cells into dorsal root ganglia does not require the induction signal from 
the neural tube and the notochord (Kalcheim and LeDourain, 1976). Therefore, dorsal 
sensory ganglia may develop better than the ventral motor nerves even when there are 
anomalies in the neural tube or the notochord. 
Caudal spinal cord anomalies which include myelocystocele，spinal lipomas, 
dura sac stenosis and tethered cord are found in patients with SA (Andrish et al.’ 
1979; Currarino et al., 1981; 0'Riordain et al,, 1991; Pang, 1993). In most cases, 
neurosurgical treatments are required to correct severe neurological defects. 
1.1.3 Other anomalies 
In addition to the above defects, other congenital anomalies can be found in 
SA patients and most of them are related to the genitourinary and gastrointestinal 
systems (Andrish et al., 1979; Pang, 1993; Pauli, 1994). For example, agenesis of 
kidney, ureter, urethra, vagina, uterus, fallopian tubes and external genital organs has 
been reported. Imperforate anus and rectal atresia are also found in SA patients. 
1.1.4 Etiology 
The primary cause of SA still remains unknown. Both environmental and 
genetic factors have been reported as the cause of SA, but it is not known which 
factors play a more important role in the pathogenesis of the defect. 
5 
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Although SA mostly occurs in sporadic cases, hereditary linkage is reported in 
so-called ‘SA family，(Martin et al., 1977; Andrish, 1979; Nour et al, 1989; 
0'Riordain et al., 1991). In one case, SA occurred in a five-generation family and 
more than half of the family members had various degrees of SA (Fellous et al., 
1982). The exact locus of SA in the human genome is not yet identified. An 
autosomal dominant mouse T-like locus near HLA locus is proposed to be the gene 
responsible for SA. However, other studies failed to detect linkage of SA locus to 
HLA locus (Fellous et al., 1982; Chatkupt et al., 1994). On the other hand, a gene for 
autosomal dominant SA is recently mapped to the holoprosencephaly region at 7q36 
(Lynch et al., 1995) and deletion of 7q36 region resulted in holoprosencephaly and 
SA (Morichon-Delvallez at al., 1993). 
Environmental influence is also one of the factors that can cause SA. In 
animal studies, disrupting the embryonic environment such as shaking and increasing 
temperature, and applying teratogens like insulin, fat solvent and retinoic acid can 
induce SA in the offspring (Duraiswami, 1952; Fucera, 1968; Griffith and Wiley, 
1991b). In human, it is known that SA is strongly associated with maternal diabetes 
mellitus (Kucera, 1971). Sixteen percent of infants with SA have diabetic mothers 
^^assargeandLenz, 1965). It is suggested that SA in maternal diabetes may be related with 
the abnormal maternal blood glucose level during pregnancy (Tanigawa et al., 1991). 
In addition, the combined effect of environmental insults and genetic factors 
cannot be overlooked. Welch and Aterman (1984) postulated that SA resulted when 
I 
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an embryo with genetic predisposition to SA was exposed to some factors in the 
uterus. These unknown stimuli，either physical or chemical insults, may enhance the 
incidence of heredity SA. Many diabetic mothers of infants with SA are insulin users 
(Passarge and Lenz, 1966), therefore, insulin itself or its related factors may enhance 
the risk of the diabetic mothers in having babies with SA. 
1.1.5 Pathogenetic mechanism of SA 
Although it is known that both environmental and genetic factors can induce 
SA, the pathogenetic mechanisms remain unclear. Since the development of SA 
usually occurs before the seventh gestational week in human (Mills et al., 1979)，a 
direct study of human embryos at this early stage is very difficult. Furthermore, to 
understand the cellular and molecular basis of embryogenesis that are disturbed 
during development of SA, it is necessary to study the embryo at a stage before the 
defect has already formed. Therefore, animal model is valuable in studying the 
pathogenetic mechanism. A number of mouse mutants such as Vestigial tail (Vg), 
Brachyury (J) and Undulated {Un) are found to have various degrees of abnormalities 
in caudal vertebrae (Gruneberg, 1957; Wittman et al., 1972; Dietrich, 1995). 
However, other than vertebral defects, these mutants do not or rarely exhibit other 
anomalies that are associated with SA, therefore these mutants provide limit 
information on the pathogenesis of SA. It is reported that exogenous addition of all-
trans retinoic acid can induce truncation of the vertebral column in chick (Griffith 
and Wiley, 1991b), hamster (Wiley, 1983) and in mouse (Kessel, 1992), therefore, 
7 
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diW-trans retinoic acid was used to induce SA in mouse in the present study to serve as 
an animal model for the investigation of the pathogenetic mechanism of SA. 
1.2 Retinoids 
Retinoids represent a family of molecules comprising both natural and 
synthetic analogues of retinol (vitamin A) and its metabolites. It is well known that 
retinoids play an essential role in many biological processes. Long term deficiency of 
vitamin A is associated with vision impair (Keith, 1994)，skin diseases (Vahlquist, 
c 
1994), reproductive system malfunctions (Eskild and Hansson, 1994)，immune 
system malfunctions (Blomhoff and Smeland，1994) and epithelial cell related 
cancers (Hunter and Willett, 1994). Therefore，vitamin A is an important chemical in 
clinical applications. Unfortunately, the therapeutic dose of vitamin A often creates a 
lot of side effects, particularly, embryotoxicity (Werler et cd., 1990). Hence, several 
organisations such as the World Health Organisation, the National Research Council 
and the Teratology Society have recommended maximum level of dietary intake of 
vitamin A during pregnancy (600 i^g retinol per day; Teratology Society，1987; 
McLaren, 1994). In order to minimize the adverse effects of excessive vitamin A 
intake, many synthetic retinoids are used to replace the natural retinoids. Several 
synthetic derivatives of vitamin A have been marketed over the world. For instance, 
tretinoin (Retin A) is used for topical application, while isotretinoin (Accutane) and 
etretinate (Tegison) are used orally. All of the above three synthetic retinoids are 
shown to have teratogenic effects on experimental animals when used in high doses 
: (Agnish and Kochhara, 1993). 
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1.2.1 RA in embryonic development 
Retinoids (vitamin A and its metabolites) play an important role in 
embryogenesis. In recent years, several genes encoding for cellular retinol binding 
proteins (CRBPs), cellular retinoic acid binding proteins (CRABPs), retinoic acid 
receptors (RARs and RXRs) have been identified (Ong and Chytil, 1978a，b; de The 
et al., 1987; Petkovich et cd., 1987; Zelent et al., 1989; Mangelsdorf et al., 1992a). 
These genes are believed to be involved in regulating the effects and the level of 
endogenous retinoids. Among the various active metabolites of vitamin A，including 
all"nmy-retinoic acid, ah-trans-3, 4-didehydroretinoic acid, 9-cis retinoic acid, and 
14-hydroxy-4，14-retroretinol, all-/raw^-retinoic acid (referred as RA in the rest of 
this thesis) is found to be present in most embryonic tissues and biologically most 
active (Colbert et al., 1993; McCaffery and Drager, 1994; Horton and Maden，1995). 
RA is involved in the formation of the primary axis of the embryo (Chen et al., 
1992)，in the patterning of the nervous system (Maden and Holder, 1993) and can 
regulate a number of homeobox genes (Brockes, 1989). 
A good example to show the endogenous role of RA is its induction effect on 
limb bud development. In a developing limb bud, a region at the posterior side called 
the zone of polarising activity (ZPA) can induce antero-posterior axis formation of 
the limb. Recently, it is found that a gene called Sonic hedgehog {Shh) is highly 
I expressed in the ZPA and its gene product is proposed to be a morphogen in the 
[ I 
j developing limb (Marti et al, 1995). A concentration gradient of RA exists in the 
limb bud: the concentration in the posterior region is 2.5 fold higher than that in the 
I -
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anterior region (Thaller and Eichele，1987; Maden, 1993). An increase in RA 
concentration in the anterior limb bud region can induce ectopic ZPA formation and 
ectopic Shh expression, resulting in duplication of digits (Helms et al., 1994)，while a 
reduced endogenous RA concentration in the limb bud will lead to malformation of 
the limb (Tanaka et al., 1996). 
1.2.2 Teratogenic effect of RA in embryonic development 
Since retinoids play an important role in many biological processes, both 
excess and deficiency in vitamin A during embryonic development may result in 
congenital malformations and fetal death (Rothman et al., 1995; Bavik et al., 1996). 
RA is one of the potent teratogens. Exogenous application of RA induces duplication 
of the lower body axis (Rutledge et al,, 1994)，neural tube defects (Alles and Sulik， 
1990; Yasuda et al.’ 1990; Kohga and Obata， 1992)，limb defects (Helms et al., 
1994)，vertebral abnormalities (Wiley, 1983; Kessel, 1992) and craniofacial 
malformations (Sulik et al., 1995). In general, the type and the frequency of 
abnormalities induced depend on the dosage and the stage of development in which 
RA is administered. Exposure to RA during early stage of organogenesis results in 
anomalies of the central nervous system and the cardiovascular system, while 
exposure to RA in later stages of embryonic development results in defects in the 
limb, palate and genitourinary tract. 
Exogenous RA can induce cell death in developing tissues or organs, resulting 
in cell shortage (Alles and Sulik, 1988; 1992; Osumi-Yamashita et al., 1992; Kochhar 
10 
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et al, 1993). When the number of precursor cells is reduced, the organ may not have 
sufficient cells for developing to its normal sizes. For example, reduction in the size 
of bones in the limb after prenatal exposure to a teratogenic dose of isotretinoin 
(Rizzo et al., 1991) may be due to the death of mesenchymal cells in the limb bud. 
Apart from cell death, a reduction in the rate of cell proliferation can also lead 
to deficiency of precursor cells in developing organs. Indeed, RA is shown to 
decrease the cell proliferation rate in the palatal shelves (Abbott et al., 1990). 
Therefore, anomalies like cardiac malformation and cleft palate may be resulted from 
insufficient number of precursor cells for normal development. 
A reduction in cell migration may also lead to abnormal embryonic 
development. It is reported that RA can alter the expression of extracelluar matrix 
'! 
(ECM) molecules in the embryo (Griffith and Wiley, 1990; Morriss-Kay and 
Mahmood, 1992; Cockshutt et al, 1994). In one study, the level of chrondroitin 
sulphate proteoglycans and heparan sulphate proteoglycans in the ECM has already 
been shown to be reduced 3 hours after an exogenous RA exposure (Morriss-Kay and 
Mahmood, 1992). Such changes in the ECM components may lead to alteration in 
cell migration behavior and result in malformations. For instance, RA is reported to 
alter the expression of ECM in the tail bud and resulted in abnormal development of 
the caudal region of the embryo (Griffith and Wiley, 1990). 
.:i 
; ' ' i 
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Changes in gene expression can also affect the identities of precursor cells in a 
developing organ and may result in abnormal organ formation. RA plays an important 
role in organogenesis by controlling gene expression. In the developing neural tube, 
RA can alter Hox-2.9 and Krox-20 expression in the hindbrain (Murphy et al., 1992; 
Wood et al., 1994). In the embryo treated with RA, there was an anterior shift of 
Hox-2.9 and Krox-20 expression domains and segmentation of rhombomeres in the 
hindbrain region did not occur (Murphy et al., 1992). This indicates that abnormal 
gene expression may affect proper cellular differentiation. 
1 I I i 
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1.3 Strategy of the study 
In this project, RA was injected into pregnant mice to induce SA in the 
offspring. The cellular and molecular basis of development of SA in this mouse 
model were studied. 
Since the effect of RA on embryo development is dose- and stage-dependent, 
a detailed study on dose and time responses to RA was first carried out in chapter 3. 
Near-term fetuses were examined for gross morphology and skeletal preparations 
j were made for the analysis of vertebral patterns. The extent of reduction in the tail 
length and the number of missing vertebrae were used as the basis for determining the 
degree of severity of vertebral agenesis. Embryos were also examined 24 and 48 
hours after RA treatment for investigation of the early effect of RA on embryo 
development. It was found that the tail bud was the primary target of RA and 
histological examination showed that massive cell death occurred in the tail bud. 
Cell death can generally be classified into two types: necrosis and apoptosis. 
RA might cause cell death in the tail bud because of toxic effects (cells probably die 
via necrosis which is non gene-mediated) or it might involved activation of a specific 
set of genes and committed into an apoptotic programme, which is well-controlled 
and regulated. Therefore, in chapter 4, the nature of cell death in the tail bud was 
studied. Two methods based on detection of internucleosomal cleavage, a 
characteristic of apoptosis, were employed. The first method was to display DNA 
fragments extracted from the tail buds at different time points after RA treatment by 
13 
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agarose gel electrophoresis, which gave information on the temporal appearance of � 
apoptosis (or necrosis). The second method was to directly label DNA fragments on 
histological sections which gave information on the spatial distribution of apoptotic 
cells in various tissues. Results confirmed that RA induced apoptosis in the tail bud. 
Furthermore, the expression of Wnt-5A, a gene known to be expressed specifically in 
the tail bud, was studied by in situ hybridization before and during apoptosis to 
determine whether the tail bud cells were normal. 
RA is believed to regulate gene expression via the RA receptors. In chapter 5， 
to determine which of the three RARs could be involved in mediating RA-induced 
apoptosis in the tail bud, the temporal and spatial expression patterns of RAR-a, 
RAR"P, and RAR-y were studied at various time points after RA treatment by whole 
mount in situ hybridization. 
Finally, results from all these studies were concluded in chapter 6 and future 
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2.1 Mouse maintenance and mating method 
Random bred ICR mice were kept under a 12:12 light-dark cycle with the 
dark period from 6:00 pm to 6:00 am. Each male mouse was caged overnight with up 
to 10 female mice and female mice were checked for the presence of a copulation 
plug in the following morning. Fertilization was assumed to occur at the middle of the 
dark cycle, i.e. 12:00 midnight. At noon in the day of finding a copulation plug was 
designated as 0.5 days post coitum (d.p.c.). 
2.2 MX'trans RA preparation and injection 
One hundred milligram of diW-trans retinoic acid (RA; Sigma) was suspended 
in 1.5 ml absolute ethanol and vortexed for 2 minutes. RA was then diluted to a final 
volume of 15 ml in olive oil {Bertolli). Throughout the process, RA was contained in 
a tube wrapped in aluminium foil to prevent photo-oxidation. The RA suspension 
was stored in the dark at 4 °C and used within a week. Before used, the suspension 
was well shaken and pre-warmed to room temperature. For the RA-treated group, 
pregnant mice at the appropriate d.p.c. were injected intraperitoneally with RA. For 
the control group, equivalent volume of vehicle (10% absolute ethanol in olive oil) 
was injected instead. 
2.3 Dissection of embryos 
Pregnant mice were killed by cervical dislocation at the appropriate d.p.c. 
and dissected under a stereomicroscope {Zeiss). Decidua were transferred from the 
,6 
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uterus to phosphate buffered saline (PBS). Embryos were freed from the decidua, 
Reichert's membrane, yolk sac and amnion. The number of resorption sites, the head 
length and the tail length were recorded. After examining the external morphology, 
embryos were fixed in the fixative for further investigation. For haematoxylin and 
eosin staining, embryos were cut at the hindlimb bud level and the caudal part of the 
embryo was fixed in Bouin picro formal fixing solution {BDH) at room temperature 
overnight or until used. For in situ hybridization and in situ-Qxv& labeling studies, the 
embryo fragment was fixed in freshly-prepared 4% paraformaldehyde in PBS at 4°C 
overnight. 
2.4 Preparation of histological sections 
2.4.1 Dehydration and embedding 
The fixed caudal part of the embryo was firstly dehydrated through a series 
of ethanol in increasing concentration: 50%, 70%, 87%, 95% and 100%. In each 
dehydration step, ethanol was changed twice at a fifteen-minute interval. Then fifteen 
minutes in equal part of histoclear (National Dignostics) and absolute ethanol 
followed by two fifteen-minute changes in histoclear. The embryo fragment was 
transferred to a glass embedding dish with molten fibrowax {BDH) at 58-60°C. After 
1-2 hours, the embedding dish was taken out and the embryo fragment was orientated 
under a stereomicroscope (Nikon), using a pair of flamed blunt forceps, in such a way 
that transverse sections of the tail bud would be cut. The wax was cooled to room 
temperature before placing at -20�C for half an hour. After that, the wax block was 
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2.4.2 Sectioning 
The wax block was cut down to a smaller size and mounted onto a 
microtome chunk by melting the base of the block. The block was further trimmed to 
make the top and bottom edges of the block parallel. Serial sections of 7 i^m in 
thickness was cut from the block by a microtome {Reichert-Jung 2030) and the 
sections were spread on egg albumin-coated slides with warm water. The slide was 
placed on a hot plate at around 45°C. When the sections were fully spread, excessive 
water was removed and the slide was left on the hot plate for a few hours to allow 
complete drying of the sections before they were kept in a box with silica gel at room 
temperature. 
2.4.3 Haematoxylin and eosin staining 
Slides were firstly deparaffinized in histoclear for 10 minutes and then 
rehydrated through a series of ethanol in decreasing concentration: 100%, 95%, 85% 
and 70%，followed by immersing in tap water for 1 minute. Sections were stained in 
Harris's haematoxylin for 2 minutes, then washed in running tap water for 1 minute. 
After that, slides were immersed in 1% acid alcohol and Scott tap water for 30 
seconds in each step and then washed in running tap water again for 1 minute. 
Sections were stained in eosin for 2 minutes and then dehydrated in 70%, 85% and 
95% ethanol for a few seconds followed by three five-minute changes in absolute 
f 
ethanol and then two fifteen-minute changes in histoclear. Finally, the slides were 
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2.5 Plasmid preparation 
The following protocols were modified from Sambrook et al. (1989) and 
Davis et al (1994). 
2.5.1 Competent cells preparation 
Freshly-grown E. coli from a single colony was transferred into 100 ml LB 
broth {Gihco) in a 1-litter flask and then incubated at 37°C with shaking. When the 
optical density of the culture measured at 600 nm was about 0.4，the culture was 
transferred into two 50 ml sterile centrifuge tubes. After a ten-minute chill on ice, 
cells were collected by centrifugation (4,000 g at 4°C for 10 minutes). Supernatant 
was removed and the pellet was resuspended in 10 ml ice-cold 0.1 M CaCl2 and 
chilled on ice. Cells were collected again by centrifugation and resuspended in 2 ml 
ice-cold 0.1 M CaCl2. Finally, the cell suspension was transferred into 
microcentrifuge tubes and freezed by liquid nitrogen. The bacterial cells were stored 
at -70°C and remained competent for a few months. 
2.5.2 Bacterial transformation 
DNA plasmid was firstly added into 100 i^l of competent cells suspension, 
mixed and then incubated on ice for 30 minutes. The suspension was heated to 42°C 
節 E : for exactly two minutes in water bath. The heat-treated cells were then chilled on ice 
(n 
for two minutes. LB broth at a volume of 800 i^l was added to the suspension and 
then incubated for 45 minutes at 37°C with gentle shaking. Finally，2, 20 or 200 i^l of 
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the culture was spread on a LB agar {Gihco) plate with 60 |ig/ml ampicillin. The 
plates were incubated at 37°C for 15 hours in an upside down position. Twenty single 
cell colonies were picked and grown in 5 ml LB broth at 37°C overnight. The culture 
was then transferred into microcentrifuge tubes for plasmid DNA extraction. Analysis 
of the plasmid by restriction enzymes was employed to confirm that the transformed 
bacterial cells contained the desired plasmid. One milliliter of the culture with 0.15% 
sterile glycerol was frozen in liquid nitrogen and stored at -70°C. 
2.5.3 Mini-scale preparation of plasmid DNA 
Transformed bacterial culture at a volume of 1.5 ml was transferred into a 
microcentrifuge tube and cells were collected by centrifugation (4,000 g at 4°C for 30 
seconds). The pellet of bacterial cells was suspended in 100 i^l ice-cold sterilised 
solution I (50 mM glucose; 25 M Tris-HCl, pH 8; 10 mM EDTA, pH 8) by vortexing. 
Then 200 l^l solution II (0.2 M NaOH; 0.1% SDS) and 150 d^ solution III (3 M 
KOAc; 11.5% glacial acetic acid) were added into the suspension with gentle mixing. 
Cell debris was removed by centrifugation (5,000 g at 4 � C for 5 minutes) and the 
supernatant was transferred to a new tube. The supernatant was incubated with 5 i^l 
DNase free RNase A (10 mg/ml; Boehringer) at 37�C for 20 minutes. The 
supernatant was extracted with equal volume of phenol: chloroform: isoamyl alcohol 
(25:24:1，v:v:v) and the upper aqueous phase was separated by a quick spin. The 
aqueous phase was extracted with equal volume of chloroform: isoamyl alcohol 
(24:1，v:v) and separated by a quick spin. The aqueous phase was mixed with 2.5 
volume absolute ethanol and 0. lx volume 3 M NaOAc, incubated at -20°C overnight 
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and centrifuged at 14,000 g at 4°C for 30 minutes. The plasmid DNA pellet was 
resuspended in 50 i^l sterilised double distilled water and quantitated by measuring 
optical density at 260 nm. Plasmid DNA was stored at -20°C until used. 
2.6 In situ hybridization 
The following protocols were adapted from the method ofWilkinson (1993). 
2.6.1 Sample preparation 
Embryos were dissected in PBS and fixed in freshly-prepared 4% 
paraformaldehyde in PBS at 4°C overnight. Fixed embryos were washed twice in 
PBT (0.1% Tween-20 in PBS) at 4°C for 5 minutes. Embryos were then dehydrated 
once in 25%, 50% and 75% methanol in PBT followed by twice in absolute 
methanol. The dehydration procedure was carried out at 4°C for 5 minutes in each 
step. Embryos were stored in absolute methanol at -20°C until further processing. 
2.6.2 Probe synthesis 
RNA probes were synthesized from the plasmid DNA by in vitro transcription 
and labeled with digoxigenin (DIG). 
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The reaction mixture contained the following composition: 
10x transcription buffer* 2 i^l 
O.lMDTT 2^il 
DIG RNA labeling nucleotide mix** l^d 
Linearized plasmid (1 l^g/^ ll) 1 i^l 
RNasin ribonuclease inhibitor (28 U/^il)*** 1.7 d^ 
RNA polymerase (20 U/ul) 0.5 ul 
DEPC-treated water make up to 20 pil 
* 10x transcription buffer (Boehringer): 0.4 M Tris-HCl, pH 8; 60 mM 
MgCl2; 100 mM DTT; 20 mM spermidine 
** DIG RNA labeling nucleotide mix (Boehringer): 10 mM ATP; 10 mM 
GTP; 10 mM CTP; 6.5 mM UTP; 3.5 mM DIG-ll-UTP 
*** RNasin ribonuclease inhibitor (Promega) 
The reaction mixture was incubated at 37°C for 2 hours and then chilled on 
ice. To estimate the amount of the synthesized probe, 1 t^l aliquot of the mixture was 
run on a TBE (45 mM Tris-borate; 1 mM EDTA) buffered 1% agarose gel with 0.5 
^ig/ml ethidium bromide under electrophoresis for 20 minutes at 100 volts. The RNA 
probe was separated from the DNA template and visualized by UV transillumination 
and photographed for record. The amount of RNA probe was estimated from the 
intensity of the band stained by ethidium bromide and ususally, about 10 yig of RNA 
probe was synthesized in each reaction. Once the synthesis of sufficient RNA probe 
was confirmed，2 i^l RNase free DNase (10 U/jal; Boehringer) was used to digest 
away the DNA template by incubating the reaction mixture with the enzyme at 37°C 
for 15 minutes. The RNA probe was precipitated by addition of 100 i^l TE (10 mM 
I 22 
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Tris-HCl, pH 7.4; 0.1 mM EDTA), 10 [xl 4 M LiCl and 300 i^l ice-cold ethanol, 
followed by incubation at -20°C for 30 minutes. The RNA pellet was collected by 
centrifugation (14,000 g at 4°C for 10 minutes) and washed with 70% ethanol. The 
supernatant was discarded and the semi-dried pellet was resuspended in 100 pil TE 
and stored at -20°C until used. 
2.6.3 Hybridization 
The dehydrated embryos were rehydrated by a five-minute wash in 75%, 
50% and 25% methanol in PBT followed by 2 changes in PBT. The rehydrated 
embryos were bleached by incubation in 6% hydrogen peroxide for 1 hour and then 
washed in PBT for 5 minutes for three times. The embryos were digested with 10 
^ig/ml proteinase K (Sigma) in PBT for 10 minutes. After digestion, the embryos 
were washed twice in freshly-prepared glycine solution (2 mg/ml in PBT) for 5 
minutes followed by two five-minute washes in PBT. The embryos were reflxed in 
freshly-prepared 0.2% glutaraldehyde and 4% paraformaldehyde in PBS for 20 
minutes followed by two five-minute washes in PBT. Embryos were transfered to a 
15 ml universal tube containing 1 ml prehybridization mix (50% formamide; 5x SSC, 
pH 4.5; 50 [ig/ml yeast RNA; 1% SDS; 50 ^ig/ml heparin). After the embryos were 
fully immersed, the solution in the tube was replaced by 1 ml of fresh 
prehybridization mix and embryos were then incubated at 70°C for 1 hour. Finally, 
the prehybridization mix was replaced by the hybridization mix (1 ml 
prehybridization mix with 1 i^g RNA probe) and the embryos were hybridized at 
70°C overnight. 
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2.6.4 Post-hybridization wash and antibody labeling 
The embryos after hybridization were firstly washed twice in solution 1 (50% 
formamide; 5x SSC, pH 5; 1% SDS) for 30 minutes at 70�C followed by washing in a 
solution with equal part of solution 1 and solution 2 (0.5 M NaCl; 10 mM Tris-HCl, 
pH 7.5; 0.1% Tween-20) for 10 minutes at 70�C. The unbound RNA probe was 
digested by 100 ^ig/ml RNase A {Boehringer) in solution 2 for 30 minutes at 3TC for 
two times. After digestion，the embryos were washed with solution 2 and solution 3 
(50% formamide; 2x SSC, pH 5) at room temperature, each solution for 5 minutes. 
The embryos were then washed twice in solution 3 at 65°C for 30 minutes followed 
by three five-minute washes in lx TBST (lOx TBST: 1.4 M NaCl; 27 mM KC1; 0.25 
M Tris-HCl, pH 7.5; 1% Tween-20). The embryos were blocked in 10% heat-treated 
goat serum (56°C for 30 minutes; Jackson Immun6) in TBST for 90 minutes. 
During the preblocking step, 0.5 ml TBST with 3 mg embryo powder (for 
preparation, refer to section 2.6.6) was heated to 70°C for 30 minutes followed by ice 
chilling. Five microliter heat-treated goat serum and 1 [d anti-DIG antibody (0.75 
JJ/[ii; Boehringer) were added to the ice-chilled TBST. The mixture was chilled at 
4°C for 1 hour with shaking. The undissolved embryo powder was then removed by a 
quick spin and the supernatant was diluted to 2 ml with 1% heat-treated goat serum in 
TBST. Finally, the embryos were incubated in the diluted supernatant with anti-DIG 
antibody overnight at 4°C. 
n 
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2.6.5 Post-antibody wash and colour development 
The embryos were firstly washed three times for 5 minutes each in TBST， 
then five times in TBST with gentle rocking for 1 hour in each step and left overnight 
with rocking in TBST. The embryos were then washed three times in NTMT (100 
mM NaCl; 100 mM Tris-HCl, pH 9.5; 50 mM MgCl2; 0.1% Tween-20; 0.5 mg/ml 
levamisole) for 10 minutes each. The embryos were incubated in NTMT with 4.5 
[d/ml NBT (Nitro Blue Tetrazolium salt; Boehringer) and 13.5 ^il/ml BOT (5-bromo-
4-chloro-3-indoly phosphate; Boehringer) for colour development. When the colour 
had fully developed, the embryos were washed twice in PBT for 10 minutes and 
postfixed in freshly-prepared 4% paraformaldehyde in PBS at 4°C overnight. 
Embryos were washed three times in PBS for 15 minutes in each change and cleared 
in 20%，50% and 80% glycerol in PBS for 3 hours in each step followed by 100% 
glycerol for 1 day. Embryos were rehydrated in 80%, 50% and 20% glycerol in PBS 
and then PBS for 3 hours in each step. Embryos were examined and photographed 
under a stereomicroscope (Leica). 
2.6.6 Embryo powder preparation 
Mouse embryos at 13 d.p.c. were homogenized firstly in PBS followed by 
addition of 4 volume of ice-cold acetone. The mixture was chilled on ice for 30 
minutes and the embryo fragments were pelleted by centrifugation (10,000 g at 4°C 
for 10 minutes). The pellet was resuspended in ice-cold acetone and collected by 
centrifugation. Finally, the pellet was air dried and grinded into flne powder in a filter 
I paper. The embryo powder was stored at 4°C until required. 
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3.1 Introduction 
3.1.1 Time response 
The teratogenic responses of embryos are stage-dependent. The time of 
greatest effect generally corresponds to the time at which a particular organ is 
developing (Shenefelt，1972). The organ which is developing most rapidly is usually 
most susceptible to teratogenic insults. Therefore, different tissues or organs have 
their own sensitive periods towards teratogens and very different malformations can 
be resulted if teratogen is applied at different developmental stages. 
Mammalian development can be divided into 3 phases: preimplantation, 
embryonic and fetal. In preimplantation phase, the fertilized egg undergoes cell 
cleavage to form a hollow cell mass called 'blastocyst'. The blastocyst consists of an 
inner layer and an outer layer. The outer layer gives rise to non-embryonic structures 
such as the trophoblast and the chorion, whereas the inner layer gives rise to 
embryonic tissues. In this phase, teratogens are commonly found to have all or none 
effect (Kistler, 1981). The conceptus usually resists to generate an embryo with 
congenital malformations, therefore, upon teratogenic insult, the conceptus may die 
and eliminate the embryo. 
When the zygote develops into the blastocyst stage, it implants into the uterine 
wall and undergoes postimplantation development. The embryonic phase is an 
important stage for embryo development, Two processes called 'gastrulation' and 
‘organogenesis，take place in the embryo. During the embryonic phase, embryos are 
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highly susceptible towards teratogenic insults and most major birth defects are 
originated from developmental failure in this phase (Mills et al., 1979; Schardein, 
1993). It is reported that RA can induce anomalies in embryos at early stage of 
gastrulation. When these embryos were exposed to RA, duplication of the lower body 
axis and limbs were reported (Rutledge et al.’ 1994; Niederreither et al, 1996). This 
indicates that RA may have some functions in initiation of axial formation in the 
lower body. On the other hand, defects induced by RA in this stage are predominantly 
in the head region, e.g. exencephaly, eye defect and craniofacial malformations are 
commonly found. In the most severe cases, loss of all facial features rostral to the 
lower jaw of the mouse embryo exposed to RA is reported (Sulik et al., 1995). In 
contrast, the teratogenic effects of RA on mid-gestation embryos are not limited to the 
head region. It is because embryo in this stage is undergoing organogenesis, a process 
in which cells begin to differentiate into special tissues to form organs. Organogenesis 
usually occurs in cranial to caudal manner in an embryo. If the teratogenic insult is 
given during the early phase of organogenesis, craniofacial and overt central nervous 
system defects are the most common anomalies found in the embryo; while treatment 
during the mid-stage of organogenesis usually resulted in neural tube defects like 
spina bifida, genitourinary defects like renal anomalies. Treatment during the later 
period of organogenesis is often associated with limb and tail defects. Therefore RA 
can induce anomalies in embryos and the type of anomalies depends on the time when 
the embryos are exposed to RA. 
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Finally, in the fetal phase, fetuses are less susceptible to RA insult since most 
of the organs have already formed and started to function. In most cases, RA can no 
longer induce congenital malformation. However, exposure to RA during the prenatal 
period can alter the newborn behavior. Even as low as 2.5 mg/kg of RA can affect the 
behavior in geotaxis, reflex action, stautle reactivity in newborn (Adams, 1993). 
3.1.2 Dose response 
Like other teratogens, the effect of RA is dose-dependent. The higher the 
dose, the higher the malformation rate will be resulted. Moreover, only a low dose of 
RA is needed to produce teratogenic effect during the early stage of embryonic phase 
and relatively higher dose is needed during the later stage. 
The dose of RA required to produce teratogenic effect varies, depending on 
the animal species, the route of administration, the developmental stage of the 
embryos etc. (Schardein，1993). Usually, topical application of RA has little 
teratogenic effects. Even a high dose of 250 mg/kg applied externally to the dermis of 
pregnant rat and rabbit cause no harm to the embryo (Agnish and Kochhar, 1993). 
This may be due to low systemic absorption of RA through topical application. 
However, if RA is applied orally or intraperitoneally, as little as 2.5 mg/kg has 
teratogenic effects in mice (Sulik et al., 1995). Such increase in potency ofRA is due 
to high placental transfer from the mother to the embryo. Studies show that after 
exogenous intake of RA, RA is highly concentrated in the embryo (Kraft, 1992)， 
s 
！ therefore，even if the amount of RA in the maternal plasma is low, the amount of RA 
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in the embryo will be high enough to produce teratogenic effects. Furthermore, by 
increasing the frequency of administration, the amount of RA required to produce 
teratogenic effects can be reduced. It is because the half life of exogenous RA in the 
embryo lasts only about 8 hours (Kraft, 1992), multiple administration can therefore 
maintain a high RA concentration in the embryo. In addition, the physical condition 
during pregnancy can also have effects on determining the susceptibility of the 
embryo towards RA. An increase in the stress of the mother like physical restraint and 
deprivation of food and water has been shown to enhance the teratogenicity of RA 
(Rasco and Hood, 1995). 
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3.2. Materials and methods 
3.2.1 Dose response 
Dosage ranged from 25, 50 and 100 mg/kg of RA were injected 
intraperitoneally into pregnant mice at 9.5 d.p.c.. Control mice were injected with 
equivalent volume of vehicle. Fetuses were collected at 18.5 d.p.c. by Cesarean. They 
were examined under a stereomicroscope for gross morphological abnormalities and 
the tail length was measured (Fig. 3.1). The abdomen was cut open and the visceral 
organs were examined. A proportion of the fetuses were randomly chosen for whole-
mount skeletal preparations. The tail length of the different treatment groups was 
compared with the control using t-tests. 
3.2.2 Time response 
RA at a dose of 100 mg/kg was injected intraperitoneally into pregnant mice 
at 9.25, 9.5，9.75，10.0 and 10.25 d.p.c.. Fetuses were collected at 18.5 d.p.c. by 
Cesarean, examined and processed as described in section 3.2.1. 
3.2.3 Skeletal preparations and staining 
The procedure was adapted from Kessel and Gruss (1991). Firstly, fetuses 
were eviscerated and fixed in absolute ethanol for 4 days, followed by 3 days in 
acetone and then rinsed with water. Fetuses were stained in a solution consisted of 
0.3% alcian blue 8GX {BDH) in 70% ethanol, 0.1% alizarin red {Sigma) in 95% 
ethanol, 100% acetic acid and absolute ethanol at a ratio of 1:1:1:17 (v:v:v:v) for 10 
^ 
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days. Calcified tissues were stained red while cartilage was stained blue. The stained 
specimens were rinsed with water and then cleared in 20% glycerol in water with 1% 
KOH at 37°C for 1 to 2 days. During this time, the skin detached and muscles became 
transparent. Specimens were transferred to 50% and then 80% glycerol in water for 1 
day in each step. They were then stored in 100% glycerol. The skeleton was 
examined under a stereomicroscope and photographed. 
3.2.4 Early teratogenic responses to RA 
RA at a dose of 100 mg/kg was injected intraperitoneally into pregnant mice 
at 9.5 d.p.c. and embryos were collected at 12 hour intervals up to 48 hours. The 
number of somites was counted and the head length (Fig. 3.2) was measured. The 
caudal region of the embryo was dissected out and fixed in Bouin picro formol fixing 
solution (BDH) and prepared as 7 i^m transverse paraffin sections stained with 
haematoxylin and eosin according to the method described in section 2.4. Sections 
were examined under a light microscope. 
32 
Chapter 3: Time and Dose Responses to RA 
3.3 Results 
3.3.1 Dose response 
3.3.1.1 Tail length 
The tail length of control and RA-treated fetuses at 18.5 d.p.c. was 
summarized in Table 3.1. Control fetuses had a long tail with an average length of 1.2 
cm (Fig. 3.3A). However, at the dose of 25 mg/kg RA, there was a statistically 
significant reduction in tail length (0.8 cm) and sometimes，the tail was bent (Fig. 
3.3C). When the dosage of RA was increased to 50 mg/kg, the tail length was greatly 
reduced to about one-third of that of control (Fig. 3.3E). At the dose of 100 mg/kg 
RA, all fetuses were tailless (Fig. 3.3G). This result clearly demonstrated a dose-
dependent effect of RA on tail development. 
3.3.1.2 Vertebral pattern 
The vertebral pattern was summarized in Table 3.1. For control fetuses at 18.5 
d.p.c., the vertebral column consisted of seven cervical (Cl-C7), thirteen thoracic 
(Tl-T13), six lumbar (Ll-L6), four sacral (Sl-S4) and over ten caudal vertebrae. 
Instead of having 13 thoracic and 6 lumbar vertebrae, about 40% of fetuses had 14 
thoracic and 5 lumbar vertebrae. The exact number of caudal vertebrae was difficult 
to determine because the last few vertebrae were very small and not yet mature 
enough to be stained by alizarin red/ alcian blue (Fig. 3.3B). This vertebral pattern 
did not vary from normal untreated fetuses (Kessel and Gruss, 1991). 
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The effect of RA on vertebral development was dose-dependent (Table 3.1). 
In low dose of RA treatment (25 mg/kg)，the thoracic, lumbar and sacral vertebrae 
appeared normal, however, there were less than 10 caudal vertebrae and the neural 
arches of the last few caudal vertebrae were often found fusing together (Fig. 3 .3D). 
At the dose of 50 mg/kg, the vertebral column was truncated at the sacral-caudal 
level. Partial missing and fusion of neural arches of the last few vertebrae were seen 
and there was abnormal splitting of the centrum (two ossification centers instead of 
one) in a few vertebrae (Fig. 3.3F). Although morphologically, the fetus possessed a 
tail-like structure (Fig. 3.3E), it only consisted of soft tissues with no vertebral 
segment, therefore, the tail-like structure dissolved and was no longer present in the 
skeletal preparation (Fig. 3.3F). Further increase in the dosage of RA to 100 mg/kg 
led to enhanced severity of vertebral agenesis and most of them were truncated at the 
sacral level. Moreover, the remaining sacral vertebrae or even the lower lumbar 
vertebrae were deformed with fusion of neural arches and splitting of the centrum 
occurred in an increasing number of vertebrae (Fig. 3.3H). 
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一 Dose ofRA control 25mg/kg 50mg/kg lOOmg/kg 
No. oflitters 3 2 — 2 2 
_ No. offetuses 34 18 20 一 30 No. of resorption sites 5 3 3 3 
Tail length, in cm U 6 0 ^ o 3 ^ ^ 士 S. D. ±0.19 ±0.20 ±0.23 ±0.00 
Total no. of skeletal 34 5 5 12 
preparations (m) 
Numberofcervical 7^345 TJS) T(5) T W ) 
vertebrae (n) 
~ N o . ofthoracic I T ^ 13 (2) TTJT) 13 (2) 
vertebrae (n) 14 (14) \ ^ ^ 4 ^ 14 (20) 
No. oflumbar 3 (3) 
vertebrae 5 (5) 
(n) 5(13) 5(3) 5(3) 6(14) 
6pJ0 ^ tM 
W) 
No. of sacral 1 � 
vertebrae 2 (2) 
(n) 3(1) 3(5) ‘ 
4(34) 4 ^ 4 ^ 4(10) 
0 ^ 0(19) 
1 (2) 1 (3) 
No. ofcaudal 5(1) 2(1) 
vertebrae 6 (1) 
(n) 7 (1) 
8 (1) i 
9(1) >10 (34) 
Fusedil iabones(i[ ;P 0% 0% ~ ~ 0% 0% 
Vertebral truncation at ^ 0% 0% 0% 
thoracic region (n) 
Vertebraltruncationat 0% 0% 0% Wo : 
lumbar region (n) ^ 
Vertebraltruncationat 0% 0% 20% Ti% 
sacral region (n) 00 (口) 
Vertebraltruncationat 0% 1 ^ ^ l4% 
caudalrefflon(n) � � （3) 
*P<0.005 compared with the control group using t-tests 
m: totalno. of skeletal preparations 
n: no. of fetuses 
S. D.: standard deviation 
Table 3.1 Effect of various doses of RA on vertebral formation in fetuses 
treated at 9.5 d.p.c. 
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3.3.2 Time response 
3.3.2.1 Tail length 
The tail length was summarized in Table 3.2. The tail length showed a time-
response to RA. The earlier the time of injection, the shorter the tail. When RA was 
injected at 10.25 d.p.c, the tail appeared morphologically similar to control (Fig. 
3.4C) except the tail length was reduced by one-third of that of control (Table 3.2). 
However, when RA was injected 6 hours earlier (i.e. 10.0 d.p.c.), the fetus had a short 
bluntly ended tail (Fig. 3.4E). Fetuses treated with RA at 9.75, 9.5 and 9.25 d.p.c. 
were all tailless, but the caudal region looked different. For fetuses treated at 9.75 
d.p.c., the lower end of the body was wedge-shaped (Fig. 3.4G)，for those treated at 
9.5 d.p.c., the body was truncated smoothly with a blunt end behind the hindlimb 
level (Fig. 3.4I). At the earliest injection time point, i.e. 9.25 d.p.c.，the hindlimbs 
appeared shorter andjoint in the midline region at the base of the body (Fig. 3.4K). 
3.3.2.2 Vertebral pattern 
The vertebral pattern was summarized in Table 3.2. Control fetuses were 
injected at 9.5 d.p.c.. It was demonstrated in section 3.3.1.2 that the vertebral pattern 
of control fetuses did not vary from normal fetuses, therefore, the pattern could be 
used for comparison with those of RA-treated fetuses injected at various time points. 
The effect of RA on vertebral development was stage-dependent. The earlier 
the time of injection, the more severe the malformations was resulted in the vertebral 
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segments. When RA was injected at 10.25 d.p.c., a few vertebral segments appeared 
normal except a few caudal vertebrae was missing (Fig. 3.4D). 
When RA was injected 6 hours earlier (i.e. 10.0 d.p.c.), about 68% of the 
fetuses (19 out of 28) had only 5-6 caudal vertebrae. In addition, extra neural arches 
posterior to the last visible centrum of the caudal vertebra were frequently found (Fig. 
3.4F). Truncation of the vertebral column at the lower sacral level was occasionally 
seen (2 out of 28 fetuses). 
� W h e n RA was injected at 9.75 d.p.c., the vertebral column was found to be 
truncated at the sacral region in half of the fetuses (11 out of 21) and the other half 
were truncated at the caudal vertebral level. Splitting of the centrum and fusion of 
I 
i： neural arches of the last few vertebrae were frequently found (Fig. 3.4H). Moreover， 
» 
about a quarter of fetuses (5 out of 21) had an extra lumbar vertebra (L7) and this 
special feature was only seen at this time point. On the other hand, 2 out of 21 fetuses 
’' 
had reduced number (3/4) of lumbar vertebrae. 
When RA was injected at 9.5 d.p.c., 77% of fetuses (17 out of 22) had 
vertebral truncation at the sacral region. Splitting of the centrum and fusion of the 
neural arches were found in increasing number of vertebrae (Fig. 3.4J). Although the 
sacrum was malformed, iliac articulation at S1 was normal. For those fetuses with 
vertebral truncation at the lumbar region (2 out of 22), the ilia fused to the last lumbar 
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vertebra. There was one fetus which was truncated at the sacral region but had 
reduced number (3) of lumbar vertebrae. 
When RA was injected at 9.25 d.p.c., 66% of fetuses (17 out of 26) had 
vertebral truncation at the lumbar region. The hip bones were severely malformed. In 
the absence of the sacrum, the ilia either fused to the last lumbar vertebra (Fig. 3.4L) 
or fused with each other at the midline region of the fetus (17 out of 26 fetuses), ‘ 
I 
hence, the hindlimbs appeared joining in the midline at the base of the body (Fig. 
3.4K). Vertebrae near the truncated region were severely deformed, like the other 
time points, splitting of the centrum and fusion of the neural arches of the last few 
vertebrae were seen in all fetuses. Intervertebral segmentation was not clear. 
Furthermore, fusion of lower thoracic ribs were commonly observed. For the 9 
fetuses in which vertebral truncation occurred at the sacral region, all of them had 
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“ C o n t r o l ~ ~ RA-treated (100 mg/kg) . 
Time ofinjection 9.5 d.p.c. 10.25 d.p.c. 10.0 d.p.c. 9.75 d.p.c. 9.5d.p.c. 9.25d.p.c. 
No. oflitters — 3 2 “ 3 2 2 ^ 
No. offetusli 34 15 31 30 30 ^^ 
No. of resorption sites 5 5 8 ^ ^ f 
Taillength,incm 0 6 ^ ^ ^ _ * 講* 土 S . D . ± 0 ^ ±0J[6 ±033 ±0.00 ±0.00 _ ±Q QQ 
Totalno. ofskeletal 34 6 ^ 21 22 26 
preparations (m) 
No. ofcervical “ 7 ^ W ) ~ 7(28) 7(21) 7(22) 7 (26) 
vertebrae (n) 
~ N o . ofthoracic W m I T ^ “ 13 (1) 13 (6) 13 (2) 13 (3) 
YM�i^r。。（”） i / i r m i z m � ^ 4 m ^ 14(15� 14(20) U (23) 
0 (1) 
2 ( 2 ) 丨 
No. oflmnbar 3(1) 3(3) 3(6) 
vertebrae 4 (1) 4 (8) ： 
(n) 5 (13) 5 (1) 5 (21) 5 (3) 5 (5) 5 (8) 
6(21) 6(5) 6(7) 6(11) 6(14) 6(1) Zia 
0 (2) 0 (17) 
No. ofsacral 1(3) 1(2) 
vertebrae 2 (2) 2 (7) 
(n) 3(3) 3 (2) 3 (8) 3 (5) 
£ g 4 ) 4(3) 4 (26) 4 J J ^ £ 0 0 } 
“ “ ^ 0(11) 0(19) 0(26) 
1 (5) 1 (3) 
2(2) 
4 (1) 4 (2) 
No. ofcaudal 5(11) 
vertebrae 6 (8) 
(n) 7 (1) 7 � 
8 (1) 8 (1) 
9 (1) 9 (1) 
>10 (34) >10 (3) 
Fusediliabones(n) 0% 0% 0% ^ ^ 65% (17) 
Vertebraltnmcation 0% ~ o ^ ^ 0% 0% 
at thoracic region (n) 
Vertebraltnmcation 0% 0% ~o 0% ~o 65% 
at lmnbar region (n) 2 ) OJ} 
Vertebraltnmcation 0% 0% 7% 52% ™ 3?% 
at sacral region (n) £} Oi) Q2) (9) 
Vertebraltnmcation 0% camotbe 93% 48% 14% 0%. 
atcaudalregion(n) determined (26) (10) (3) 
*P<0.005 compared withthe control group using t-tests 
m: totalno. of skeletal preparations 
n: no. of fetuses 
S. D.: standard deviation 
Table 3.2 Effect of 100 mg/kg RA on vertebral formation in fetuses treated at the 
indicated time point 
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3.3.2.3 Other anomalies associated with human SA 
Deformed hip 
When RA was administrated at 9.25 d.p.c., the sacral vertebrae were 
completely absent in 65% of the fetuses (17 out of 26). In these fetuses, the ilia 
articulated or fused with each other at the dorsal midline region. As a result, the hip 
of these fetuses was much narrowed (Fig. 3.5A) and such feature is very similar to 
that found in human with severe SA (Fig. 3.5B). 
Spinal cord anomalies 
A skin-covered terminal myelocystocoele, appearing as a dorsal lump at the 
region immediately posterior to the truncated vertebral column was found in the 
fetuses which were treated with RA at or before 9.75 d.p.c. (Fig. 3.5C). This anomaly 
is also commonly found to be associated with human SA (Fig. 3.5D). 
Genitourinary systems 
When the visceral organs were examined, there was no obvious difference 
between control and RA-treated fetuses except for those fetuses which had been 
treated with RA at 9.25 d.p.c., bilateral or unilateral renal agenesis was found. 
However, the adrenal glands, which normally situate directly on top of the kidneys, 
were present at the correct position (Figs. 3.5E, F). 
40 
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3.3.3 Early teratogenic responses of RA-treated embryos 
To determine the early event that occurred before the defects had formed and 
the primary target tissue of RA, embryos were examined at 12 hour intervals up to 48 
hours after RA treatment. The somite number and the head length were summarized 
in Table 3.3. 
\ 
Results showed that in the initial 12 hours, somitogenesis seemed to be 
unaffected by RA as the number of somites did not show any statistically significant 
difference between control and RA-treated embryos. However, in the following 12 , 
I 
hours, somitogenesis had stopped, therefore, the number of somites did not increase 
any further from 10.0 to 11.5 d.p.c., while in control embryos, somitogenesis 
occurred at a constant rate of about 1 somite per 2 hours (6 somites were formed 
every 12 hours within the period 9.5 to 11.5 d.p.c.). However, although the head 
length of RA-treated embryos tended to be a bit smaller than control embryos, there 
l, 
was no statistically significant difference between the two groups except at 11.5 ； 
d.p.c., indicating that the effect o fRAon disrupting somitogenesis was specific. This 
was further supported by morphological observation that at 10.5 d.p.c. and 11.5 
d.p.c., there was no obvious difference between control (Figs. 3.6A, 3.7A) and RA-
treated (Figs. 3.6B, 3.7B) embryos except the caudal region posterior to the hindlimb 
buds, it was much shorter in RA-treated embryos than that of control embryos. In 
10.5 d.p.c. RA-treated embryos, a dense cell mass was clearly visible in the tail bud at 
the caudal extremity. The last few somites appeared disorganized and the caudal 
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sections of the caudal region showed that in control embryos, the tail bud consisted of 
undifferentiated mesenchymal cells with very few pyknotic nuclei (Figs. 3.6E; G). 
However, in RA-treated embryos, there were many pyknotic nuclei scattered 
throughout the tail bud mesenchyme (Figs. 3.6F; H). In more cranial level where 
somites were recently formed, there was no evidence of increase in dead cells in RA-
treated embryos, but somites were much more disorganized (Fig. 3.6J) when 




By 11.5 d.p.c., control embryos had a very long tail (Fig. 3.7A), while the 
caudal region of RA-treated embryos was truncated shortly posterior to the hindlimb 
buds and the dead cell mass at the caudal end had disappeared (Fig. 3.7B). 
Examination of histological sections revealed that instead of having undifferentiated 
tail bud mesenchyme at the caudal end as the control (Fig. 3.7C), in RA-treated 
embryos, numerous tubular structures were present and the cells had developed 
apicobasal orientation with many mitotic figures located at the adluminal side (Fig. 
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\ 
3.4 Discussion 
Results in this chapter clearly demonstrated that the teratogenic effect of RA 
on mouse embryo development was stage- and dose-dependent. The earlier the time 
of injection and the higher the dose, the more severe effect on vertebral formation 
was resulted. Besides vertebral agenesis, caudal spinal cord malformations and renal 
agenesis were also found. It is also recently discovered that anorectal anomalies, 
\ 
including imperforate anus and rectal atresia, are also present in this mouse model ! 
I 
I 
(Tang, 1996). 1 
J ^ I 
From the morphological and histological studies of embryos at early stages 
after RA treatment, two major anomalies were found in the embryo. The first 
anomaly was massive cell death in the tail bud and the second one was excessive 
formation of neural-like tissues in the tail bud region. The tail bud comprises of a 
mass of undifferentiated mesenchymal cells surrounded by the surface ectoderm and 
is located at the caudal extremity of the embryo. In mammalian embryos, the 
secondary neural tube (Schoenwolf, 1984)，the caudal part of the hindgut (Svajger et 
al., 1985), the notochord (Gajovic et al., 1989), caudal somites and their derivatives 
(Butcher, 1929) are all derived from the tail bud. The primordium of the tail bud 
appears early in the forelimb bud-stage mouse embryo at the posterior end of the 
primitive streak (Rugh, 1968). When the embryo reaches the hindlimb bud-stage, a 
definite tail bud forms and replaces the primitive streak (Theiler, 1972). The tail bud 
becomes the sole source of progenitor cells for forming the various tissues in the 
caudal part of the embryo and the tail bud continues to grow for several days until 
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around 12.5 d.p.c. (Nievelstein et al, 1993). Although the tail bud can give rise to 
structures comparable to those derived more cranially from the three germ layers, the 
mechanisms of formation of these structures are different. For example, primary 
neurulation involves folding of the neuroepithelium which is derived from thickening 
of the dorsal ectoderm (Schoenwolf and Smith, 1990). However, in secondary 
neurulation, the neural tube forms by cavitation of mesenchymal cells in the tail bud 
(Schoenwolf, 1984). It begins with cells in the dorsal midline of the embryo condense � 
(丨 1 
together and develop apicobasal polarity. Cavitation then occurs in the center of the |^ 
cell aggregate and the cavity gradually enlarges to become the neural lumen and more 丨 
cells are recruited to form the wall of the secondary neural tube. In mammalian 
embryos, only a single lumen forms which join end-to-end with the lumen of the 
primary neural tube. However, in the chick, cavitation occurs at multiple sites and the 
•I 
• ！ 
cavities later coalesce together to form a single lumen, there is also an overlapping 
zone where primary neurulation occurs dorsally while secondary neurulation occurs ‘ 
ventrally (Schoenwolf and Delongo, 1980). As mentioned in chapter one, RA can 
^ 
induce cell death, alter gene expressions and affect the cell migration pathway. 
Therefore these anomalies might account for the occurrence of various SA syndromes 
in the mouse model. 
For vertebral anomalies in RA-treated fetuses, they could be classified into 
three types. The first type was total or partial agenesis of lower vertebrae; the second 
type was fusion or irregular shape of vertebrae at the lower part of the truncated 
vertebral column; the third type was addition or deletion of vertebrae along the 
vertebral column. These anomalies did not appear to be region-specific and could 
I 
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occur in thoracic, lumbar, sacral and caudal regions. It seemed that the type and 
severity of anomalies were dependent upon the developmental stage of the embryo 
when exposed to RA. 
For the first type of vertebral anomalies, it was clearly demonstrated that the 
earlier the time of RA injection，the shorter the tail and the greater the number of 




mesenchymal cells at the lateral sides of the neural tube become the presomitic -| 
mesoderm which segmented off as pairs of somites that later differentiate into the | 
I 
dorsal dermomyotome and the ventral sclerotome (Christ and Ordahl, 1995). The 
dermomyotome will further differentiate into the dermatome and the myotome which 
form the future dermis and skeletal muscle respectively. Sclerotomal cells will 
• j 
migrate towards the neural tube and the notochord and develop into the vertebra 
following chondrogenesis and ossification. Results in this chapter showed that 24 ！ 
hours after RA injection, the caudal region of the embryo had already terminated in 
growth and excessive cell death was found in the tail bud. Since the precursor cells of 
the vertebrae are derived from the tail bud, excessive death of tail bud cells may 
therefore account for complete or partial agenesis of the lower vertebrae. 
For the second type of vertebral anomalies, involving abnormally fused 
centers of ossification and irregular shape of vertebrae, RA has been reported to 
induce vascular lesions and haematoma in the vicinity of the tail bud in hamster 
(Wiley, 1983; Tibbies and Wiley, 1988), mouse (Tibbies and Wiley, 1988) and chick 
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embryos (Jelinek and Kistler，1981) and the vascular lesion was suggested to play a 
significant role in the induction of vertebral defects by disrupting somitogenesis 
(Wiley, 1983). However, when the tail bud of chick embryos which had been exposed 
to RA was isolated before the appearance of blood vessels, the tail bud was found to 
be affected in similar ways as in vivo, hence suggesting that the effect of RA on 
development of tail bud tissues are direct and are not mediated solely through the 
disrupting effects of vascular lesions (Griffith and Wiley, 1989). Results in the � 
i . 1 
present study showed that RA induced kinky caudal neural tube and multiple tubular 丨 
,'i 
:丨 
structures at the caudal region. From Tang's studies (1996), it was demonstrated that : 
the tubular structures were neural tubes with ectopic expressions of Pax-3’ Pax-6 and 
Shh and there were also 2 to 3 ectopic notochords. Many studies show that the neural 
tube and the notochord play an important role in patterning of the somite (Tam and 
• i 
Trainor, 1994; Hirano et al., 1995). In particular, Shh from the notochord has a 
ventralizing effect on somite differentiation (Brand-Saberi et al., 1993) which ！ 
enhances the sclerotomal marker gene expression and represses dermomyotomal 
i 
marker gene expression in somites (Fan et al., 1995). Therefore, ectopic expression of 
Pax and Shh genes in the accessory caudal neural tubes and notochords might result 
in abnormal induction and/or patterning of the somite. In RA-treated embryos, 
unilateral somitogenesis and somites of irregular size were commonly found. 
Therefore, these anomalies in the neural tube, notochord and somite might account 
for the abnormal fusion and irregular shape of the last few vertebrae at the end of the 
truncated vertebral column. 
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For the third type of anomalies, the fate of prevertebral tissues was changed 
by RA. Homeotic transformation, resulting in deletion or addition of vertebrae, was 
observed in the present study. This transformation was stage-specific, e.g. the 
addition of lumbar vertebrae only occurred in fetuses which were treated with RA at 
9.75 d.p.c.，suggesting that there is a temporal window of RA sensitivity in which the 
fate of specific prevertebral tissue can be changed. It is known that RA can alter the 
expression of Hox genes (Izpisua-Belmonte et al.’ 1991) which contain retinoic acid � 
(丨 <. I response elements (Ogura and Evans, 1995a; b). Hox genes are homeobox-containing '| 
.'1 
. . 1 genes important in axial patterning of embryos (McGinnis and Krumlauf, 1992). • I 
These genes are expressed in particular axial levels with distinct anterior boundary 
and a cascade of Hox genes forms specific Hox codes which specify anteroposterior 
positional identities. Their expressions are stage- and tissue-dependent (Gaunt et al., 
1989). A number of Hox genes is found to express in paraxial mesoderm and targeted 
disruptions of them resulted in homeotic transformations of the vertebrae (Horan et ‘ 
al., 1994; Kostic and Capecchi, 1994). For example, Hoxc-9 mutant mice show 
• 
abnormal pattern of ossification in the sternum and fusion of ribs (Suemori et al., 
1995) and Hoxd-11 mutant mice have extra lumbar vertebrae (Favier et al., 1995). 
These types of vertebral malformations were also found in RA-treated fetuses and are 
also reported in some cases of human SA (Pang, 1993; Pauli, 1994). Although it is 
not known whether these particular Hox genes can be affected by RA, there is 
evidence to show that RA can alter the Hox codes and cause homeotic transformations 
of vertebrae (Kessel and Gruss, 1991) and respecification of vertebral identities by 
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influencing the migrating sclerotomal cells before they are finally fixed in the 
cartilagenous vertebrae (Kessel，1992). 
Besides vertebral defects, the other anomaly associated with this RA-induced 
SA mouse model is caudal spinal cord malformations. Studies on embryos at early 
stages after RA treatment showed that multiple neural tubes were formed at the 





multiple sites and they differentiated and finally fused together to form a skin-covered 丨 
terminal myelocystocele (Tang, 1996). It has been previously reported that RA 
i 
induced accessory neural tubes in chick (Kohga and Obata, 1992) and in hamster 
(Tibbies and Willey, 1988). However, it is unclear whether RA in the present study 
exerted a direct effect on neurulation or the accessory neural tube formation is 
associated with SA. It has been suggested that RA could affect the expression of 
glycoproteins, including N-CAM, in the tail bud (Griffith and Wiley, 1990a) and 
injection of anti-N-CAM antibody into chick embryos caused axial malformations 
including accessory neural tubes (Griffth and Wiley, 1991a). However, since 
secondary neurulation in chick and mouse has a lot of differences as described earlier, 
the finding in chick (Griffith and Wiley, 1991a) may not be totally applicable to 
mouse. On the other hand, in a number of mouse mutants which has sacral agenesis, 
e.g. Vestigial tail (Gruneberg and Des Wickramaratne, 1974), T/htm (Fujimoto et al., 
1994) and Wnt-3a null mutant (Takada et al., 1994)，besides skeletal defect, they also 
have multiple ectopic neural tubes histologically very similar to those observed in the 
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present RA-induced SA mouse model, therefore, suggesting that ectopic neural tube 
formation can be associated with SA without RA. 
In the present study, renal agenesis only occurred in fetuses treated with RA at 
9.25 d.p.c. but not in other time points. This finding of the effect of RA at a specific 
time point showed that RA may be affecting a key step in kidney development which 
occurs, and is sensitive to disruption, within a very small time frame. It is reported in � i； I, 
！ 
previous studies that when the early tail bud of chick embryos was grafted to the j^ 
coelomic wall, kidney tubules were found to develop in the graft. However, graft of ’ 
i 
late tail bud did not give rise to kidney tubules. Furthermore, when the early tail bud 
was exposed to RA before grafting, the amount of kidney tubules developed 
decreased (Griffith and Wiley, 1989). These results support the idea that the early tail 
I 
bud contains progenitor cells of the kidney, massive cell death in the early tail bud 
induced by RA may therefore lead to renal agenesis. ) 
‘； 
The malformations exhibited in the present SA mouse model, including 
vertebral agenesis, caudal spinal cord malformations, renal agenesis and anorectal 
anomalies are commonly associated with SA in human (Currarino et al., 1981; Pang, 
1993; Pauli，1994)，suggesting that the pathogenetic mechanism of RA-induced SA 
may be very similar to that in human and RA is probably affecting a key step in 
embryogenesis that is important for the formation of lower vertebrae, caudal spinal 
cord, kidney and anorectal structures. Therefore, findings from the study of this 
mouse model may provide important information on the cellular and molecular 
mechanisms that underlie the development of SA. 
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4.1 Introduction 
4.1.1 Cell death 
In chapter 3, it was found that RA induced lower vertebral, caudal spinal cord 
and genitourinary malformations which were most probably due to massive cell death 
in the tail bud. Cell death plays an important role in normal embryogenesis. The first 
[ 
discovery of natural cell death occurring in development was made by Vogt (1842). 
Thereafter, cell death is reported to occur in insect, reptile, amphibian and vertebrate 
f 
embryos (Clarke and Clarke, 1996). Cell death contributes to the development of 
various organs such as limb, heart, nervous system, eye and tooth (Sanders and 
Wride，1995; Milligan and Schwartz, 1996). Based on morphological and 
biochemical differences, the cell death process can be classified into two main types: 
apoptosis and necrosis. Both types are reported to occur in embryos (Clarke, 1990). 
However, due to the recent availability of apoptosis marker, it is found that some 
reported cases of 'necrosis' in embryos (Mills and Bellairs, 1989) are actually 
apoptosis (Miller and Briglin, 1996). Therefore, apoptosis seems to play a vital role in 
embryonic development and occurs in a spatially- and temporally-regulated manner. 
Moreover, there is growing evidence to show that apoptosis plays a critical role in 
many physiological (Hacker and Vaux, 1995) and pathological processes (Thompson, 
1995). Necrosis, in contrast, occurs in response to severe injury or sudden change in 
the environment of the affected cells. It is sometimes referred as 'accidental cell 
i ‘ death，. 
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Necrosis occurs in response to a wide variety of toxic substances and harmful 
conditions such as ischaemia, sustained hyperthermia, or physical or chemical trauma 
(Malorni and Donelli，1992). In necrosis, the earliest changes are dysfunction of 
organelles and the cell becomes unable to maintain its homeostasis. The lost of 
I control of selective permeability of the plasma membrane results in rupture of the 
plasma membrane. The cellular contents leak out into the surrounding tissue space 
and provoke an inflammatory response. Proteins, RNA and DNA are rapidly 
disintegrated in cells undergoing necrosis. DNA exposed by proteolytic digestion of 
histones is cleaved by lysosomal DNases into fragments displaying a continuous 
spectrum of sizes. The whole process is energy independent and non gene-mediated 
(Alison and Sarraf, 1992). 
In contrast, apoptosis occurs in a well-controlled manner (Cohen 1993; 
Williams and Smith, 1993) and is often referred as equivalent to programmed cell 
death. A lot of programmed cell death related genes have been identified within the 
last decade (Vaux et al., 1994; Steller，1995; White, 1996). The cell death process 
requires energy and expression of new genes in some cases. Inhibition of protein 
synthesis by cyclohexamide (Kistler, 1981) or mRNA synthesis by 5-
bromodeoxyuridine (Tone et al., 1983) and knock out of cell death promoting genes 
e.g. Bax (Knudson et al., 1995) are reported to suppress apoptotic cell death. On the 
contrary, defects in cell death suppressing genes can result in abnormal massive cell 
death (Veis et al., 1993; Motoyama et al., 1995). Apoptosis occurs in natural 
developmental event or it arises as a cellular response to stimulus. Apoptosis usually 
I 
. i 
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affects single cell or small population of cells in an asynchronous fashion. The early 
events in apoptosis include loss of intercellular connections, smoothing of the cell 
surface and condensation of cytoplasm and nuclear chromatin. As condensation goes 
on, bledding occurs on the cell surface. At the same time, chromatin collapses and 
breaks up into fragments within the cells. DNA fragmentation occurs in a very 
I 
I 
I specific manner with DNA being cleaved in between nucleosomes (Wyllie, 1980). 
Subsequently, the cell breaks up into membrane-bounded apoptotic bodies that 
contain cytoplasmic organelles and nuclear fragments and they are phagocytosed by 
macrophages (Duvall et al., 1985) or neighbouring cells. 
4.1.2 Methods in cell death identification 
Based on the distinct events occurring in apoptosis and necrosis, several 
methods are developed for the identification of the type of cell death. 
Light microscopy 
: i 
Firstly, apoptotic cells are sometimes recognisable at light microscopic level. 
They usually occur individually or in very small groups surrounded by normal 
healthy tissue. They have condensed basophilic chromatin and a small amount of 
eosinophilic cytoplasm and are typically surrounded by a ‘halo，which is the result of 
retraction of the apoptotic cell or a phagocytic vacuole. Larger apoptotic cells breaks 
up into membrane-bounded fragments which may or may not have nuclear 
components. In contrast, swelling of cytoplasm and rupture of cell membrane is often 
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Electron microscopy 
i 
Compared with light microscopy, electron microscopy is a much more reliable 
method in identifying the type of cell death. In the early stage, chromatin is 
compacted into uniformly dense mass that abut on the nuclear membrane (Alison and 
Sarraf, 1992). In later stages, the cell is divided into a number of smooth-surfaced 
membrane-bounded apoptotic bodies of various sizes (Malorni and Donelli, 1992). 
However, the ultrastructural appearance of necrosis is quite different, the main 
features being organelle swelling and poorly-defined edges of the cell membrane. 
Although nuclear chromatin condensation also occurs in necrosis, the density of the 
masses is less uniform than in apoptosis and their edges are less well-defined. 
DNA electrophoresis 
2 _ | _ As mentioned before, in apoptosis, DNA is cleaved by a specific Ca -
I ' ' I 
dependent endonuclease within internucleosomal region, resulting in nucleosome-
sized fragments in multimers of 180-200 base pairs (Wyllie，1980). But in necrosis, 
DNA is indiscriminately degraded into fragments of various sizes. As a result, 
apoptosis and necrosis can be distinguished by the size and the pattern of the 
degraded DNA fragments separated on an agarose gel by electrophoresis. A 
characteristic ‘ladder，pattern is an indication of apoptosis, while a smear pattern is an 
indication of necrotic cell death. 
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In situ end-labeling 
In naturally occurring cell death, usually only a small number of cells 
undergoes cell death at any one time，the extraction of minute amount of fragmented 
DNA is very difficult. Therefore immunocytochemical method may be employed. It 
also has the added advantage of visualizing the location of the dead cell. Many 
markers are used to identify apoptotic cells. One of the commonest methods is in situ 
I end-labeling (Gavireli et al., 1992; Wijsman et al., 1993; Tone et al., 1994) that uses 
|| terminal deoxynucleotidyl transferase to attach biotin- or digoxigenin-labeled 
v l ; i 
deoxynucleotide to the 3'-OH DNA ends generated by DNA fragmentation followed 
by detection of biotin or digoxigenin using immunocytochemical method. 
From the result of histological observation in chapter 3，it was found that there 
were many dead cells in the tail bud after RA treatment. To determine whether those 
cells underwent an apoptotic or necrotic cell death pathway and also to determine the 
spatial and temporal appearance of cell death more precisely, the methods of DNA 
electrophoresis and in situ end-labeling were employed in this chapter. 
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4.2 Materials and methods 
4.2.1 Histolgy of tail bud region 
RA at a dose of 100 mg/kg was injected into pregnant mice at 9.5 d.p.c.. 
Embryos were collected immediately after injection (time 0) and at 12 hour intervals 
up to 36 hours after RA treatment. The caudal region of the embryo was fixed in 
Bouin picro formal fixing solution and processed for wax histology following the 
procedure as described in section 2.4. The caudal region was cut into 7 i^m transverse 
sections and stained with haematoxylin and eosin. The tenth section cranial to the tail 
tip was photographed. 
4.2.2 Detection of internucleosomal DNA fragmentation 
The protocol was modified from Tilly and Hsueh (1993). 
4.2.2.1 Sample collection 
RA at a dose of 100 mg/kg was injected into pregnant mice at 9.5 d.p.c.. 
Embryos were collected at time 0 and at 6 hour intervals after RA treatment. Embryos 
were dissected in ice-chilled autoclaved PBS. After removal of the yolk sac and 
amnion, the caudal end of the tail bud, approximately 0.15 mm in length measured 
under an eyepiece graticule, was cut out and immediately freezed in liquid nitrogen. 
About 50 tail buds were collected for each time point. Frozen tail buds were stored at 
-70°C to prevent non-specific activation of DNase. Control embryos were collected at 
24 hour only. 
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4.2.2.2 DNA extraction 
Tail buds were first homogenised in 0.2 ml buffer (0.1 M NaCl; 0.01 M 
EDTA, pH 8; 0.3 M Tris-HCl，pH 8; 0.2 M sucrose) by vortexing and repeated 
passages through the pipette tip. After homogenisation，12.5 i^l 10% SDS was added, 
mixed and incubated at 65°C. After incubation, 35 i^l 8 M KOAc was added to the 
tube followed by mixing and ice chilling for 1 hour. Protein precipitates were 
removed by centrifugation (5,000 g at 4°C for 10 minutes) and the supernatant was 
transferred to a new microcentrifuge tube. The supernatant was mixed with an equal 
volume of phenol: chloroform: isoamyl alcohol (25:24:1, v:v:v) followed by 
centrifugation (5,000 g at room temperature for 1 minute). The upper aqueous phase 
was transferred to a new microcentrifuge tube and mixed with an equal volume of 
chloroform: isoamyl alcohol (24:1, v:v) followed by centrifugation (5,000 g at room 
temperature for 1 minute). The upper aqueous phase was transferred into another 
microcentrifuge tube and 2.5 volume of ice-cold ethanol was added and incubated at -
20°C overnight for DNA precipitation. 
DNA was collected by centrifugation at 14,000 g for 30 minutes at 4°C. The 
DNA was air dried to remove all ethanol and then 50 i^l TE buffer (10 mM Tris-HCl; 
1 mM EDTA, pH 8) was added to resuspend the DNA. One microliter of DNase free 
RNase (500 p,g/ml) was used to digest away the RNA in the sample by incubating the 
mixture at 37°C for 30 minutes. RNase was then removed by adding an equal volume 
of phenol: chloroform: isoamyl alcohol followed by centrifugation (5,000 g at room 
temperature for 1 minute). The upper aqueous phase was mixed with an equal volume 
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of chloroform: isoamyl alcohol, followed by centrifugation (5,000 g at room 
temperature for 1 minute). The upper aqueous phase was transferred to a new 
microcentrifuge tube. The DNA was precipitated by adding 2.5 volume ice-cold 
ethanol and then incubated at -20°C overnight. After centrifugation, the DNA pellet 
was air dried and then resuspended in 20 [il sterile double distilled water. The DNA 
was quantitated by measuring absorbance at 260 nm using a spectrophotometer and 
stored at -20°C until further processing. 
4.2.2.3 Analysis of DNA fragmentation pattern by ethidium bromide staining 
The DNA (5 i^g) was mixed with 0.5 i^l 10x TBE (0.9 M Tris-borate; 0.02 M 
EDTA) and 1.7 i^l 6x electrophoresis dye (Promega), sterilised water was added to 
the mixture to make up the sample volume to 10 i^l. DNA samples were loaded onto a 
2% agarose gel with 0.5 p,g/ml ethidium bromide. One microgram of Lambda DNA 
digested with EcoR I and Hind III {Promega) was used as the molecular weight 
marker. DNA fragments were separated by electrophoresis for 3 hours at 50 volts 
using 0.5x TBE as buffer. Ethidium bromide-stained bands were visualized under a 
UV transilluminator and recorded on a Polaroid 667 film. 
4.2.2.4 Analysis of DNA fragmentation pattern by autoradiography 
Terminal deoxynucleotidyl transferase (Tdt; Boehringer) was used to 
incorporate [a^^-P]-ddATP {Amersham) into the protruding, recessed or blunt 3'-end 
of DNA fragments so that each double-stranded DNA fragment was labeled with a 
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single molecule of ddATP on each side. The DNA labeling mixture was prepared as 
follow: 
DNA 0.5 昭 
5x Tdt buffer* lO^il 
C0Cl2 ( 2 5 m M ) 5 ^il 
[a32-P]-ddATP (lOmCi/ml) 5 ^1 
Tdt (25 U/uF) L^il 
Sterile double distilled water make up to 50 i^l 
I * 5x Tdt buffer (Boehringer): 1 M potassium cacodylate; 
0.125 M Tris-HCl; 1.25 mg/ml bovine serum albumin; pH 6.6 
The reaction was proceeded at 37�C for 1 hour and stopped by addition of 5 
i^l 0.25 M EDTA (pH 8). The labeled DNA was precipitated by addition of 0.2 
volume of 10 M NH4OAc, 3 volume of ice-cold ethanol and 50 i^g yeast tRNA 
followed by incubation at -20°C for 1 hour. DNA was pelleted by centrifugation 
(14,000 g for 20 minutes at 4°C) and resuspended in 50 i^l TE buffer. To ensure that : 
the unincorporated ddATP was thoroughly removed, DNA was precipitated again by 
addition of 3 volume of ice-cold ethanol followed by incubation at -20°C for 1 hour. 
After centrifugation (14,000 g for 20 minutes at 4°C), the pellet was washed with 0.5 
ml ice-cold 80% ethanol, allowed to air-dry and then resuspended in 20 i^l TE buffer. 
The DNA was stored at -20°C until subjected to gel electrophoresis. A 1Kb DNA 
ladder (Gibco) was used as the molecular weight marker and 0.5 pig of the marker 
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The labeled DNA (0.01 ^ig/^il) at a volume of 7.8 t^l was mixed with 0.5 i^l 
10x TBE, 1.7 |Lil 6x electrophoresis dye and loaded onto a 2% agarose gel. DNA 
fragments were separated by electrophoresis for 3.5 hours at 50 volts using 0.5x TBE 
as buffer. The gel was dried onto 4 layers of 3MM Whatman paper in a slab-gel drier 
for 2 hours without heat. The dried gel was covered by a plastic wrap and exposed to 
a Hyperfilm-MP {Amersham) in a double intensify screen (Kodak) for 0.5, 2, 4 and 
12 hours. The exposed films were developed by the KodakM35 X-OMATProcessor. 
4.2.3 TUNEL (Tdt-mediated dUTP biotin nick end labeling) 
The protocol was modified from Gavrieli et al. (1992) and Tone et al. (1994). 
4.2.3.1 Sample collection 
RA at a dose of 100 mg/kg was injected into pregnant mice at 9.5 d.p.c.. 
f 
Embryos were dissected out at 10.5 d.p.c. in PBS. After removal of the yolk sac and 
amnion, the embryo was cut into two halves at the hindlimb bud region and the ‘ 
caudal part was thoroughly washed in ice-cold PBS and then fixed in freshly-prepared 
4% paraformaldehyde overnight. Fixed tissue samples were washed twice with 0.83% 
saline followed by 0.83% saline: ethanol (1:1, v:v) at 4 � C for 30 minutes each. They 
were dehydrated, embedded and cut into 7 i^m paraffin sections transversely through 
the caudal region according to the procedure described in section 2.4，except sections 
were mounted on slides coated with 1% gelatin. Slides were kept in a tightly sealed 
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4.2.3.2 In situ end-labeling 
Sections were deparaffinized and rehydrated as follow: fresh xylene bath, two 
changes for 5 minutes each; 100% ethanol, 5 minutes; 70% ethanol, 5 minutes; 50% 
ethanol, 5 minutes and sterilised double distilled water, two changes for 5 minutes 
each. Sections were treated with 20 M'g/ml proteinase K (Sigma) in PBS for 15 
minutes at room temperature and washed thoroughly in double distilled water for four 
times, 1 minute each. Sections were then preincubated in lx Tdt buffer. During 
preincubation, a labeling reaction mixture was prepared as follows: 
5x Tdtbuffer 20 U^ 
C0Cl2 ( 2 5 m M ) 1 2 ^d 
Bio-16-dUTP* (1 nM/^ll) 3.3 d^ 
dUTP*(0.1 [MJiil) 11 l^l 
Tdt (25 U/un* 3.75 ul 
Sterile double distilled water make up to 100 i^l 
* purchased from Boehringer 
\ 
The well-mixed reaction mixture was applied to the sections and incubated in 
a humidified chamber at 37°C for 1 hour. Sections were then washed three times in 
PBS for 5 minutes each and then incubated overnight with goat anti-biotin IgG (1 
mg/ml; Vector) diluted 100 fold in PBS at 4°C. Sections were then washed three 
times in PBS for 5 minutes each followed by incubation with biotinlyated rabbit anti-
goat IgG (1.5 mg/ml; Vector) diluted 200 fold in PBS for 1 hour at room temperature. 
After incubation, sections were washed three times in PBS and incubated with FITC-
conjugated avidin (1 mg/ml; Vector) diluted 1,000 fold in PBS at room temperature 
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(PI) in PBS for 15 minutes for nuclear DNA staining and then mounted in anti-fading 
mounting reagent (Prolong Antifade Kit, Molecular Prohes). Sections were viewed 
under excitation at 480 nm (for FITC) and 540 nm (for PI) under Zeiss fluorescence 
microscope. PI and FITC images were photographed by double exposure. 
A number of samples were used as control, (i) The caudal region of the 
control embryo at 10.5 d.p.c.. (ii) The limb bud of the control embryo at 10.5 d.p.c. 
(this tissue was chosen because the apical ectodermal ridge is known to be a 
physiological site of apoptosis and therefore can be used as a positive control of 
staining). To ensure that the staining was specific, three negative control of staining 
were performed in which the RA-treated sample was stained by the same method 
except either (iii) Tdt, (iv) goat anti-biotin IgG or (v) biotinylated rabbit anti-goat IgG 
was replaced by sterilie water. 
• i 
4.2.4 In situ hybridization of Wnt-5A 
4.2.4.1 Sample collection 
RA at a dose of 100 mg/kg was injected into pregnant mice at 9.5 d.p.c.. 
Embryos were collected at 10 and 24 hours after RA treatment. Within a litter, it is 
common to find embryos at different developmental stages. Since gene expression 
may vary with developmental stage, in order to allow comparison of control and RA-
treated embryos at the same stage, only embryos at 26-27 somite-stage and 33-34 
somite-stage were chosen for 10 hour and 24 hour studies respectively, For RA-
treated embryos at 24 hour, since somitogenesis had stopped at around somite 31， 
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therefore，the head length, the stage of development of the forelimb and hindlimb 
buds were used as the basis for selecting RA-treated embryos at comparable 
developmental stage as control. 
Table 4.1 No. of embryos used in each time point for Wnt-5A expression studies 
RNA probe Anti-sense Sense 
No. ofhours after Io 24 T6 
treatment 
Treatment RA Control RA Control RA 
No. of embryos 3 3 6 6 6 
4.2.4.2 Probe preparation 
The Wnt-5A plasmid (Appendix 1) was first transformed into E. coli XL1 
Blue MRF' (Stratagem) and the plasmid was amplified as mentioned in section 2.5. 
The anti-sense RNA probe was synthesised by using SP6 polymerase and EcoR I cut 
Wnt-5A plasmid and the sense RNA probe was synthesised by using T7 polymerase 
and Xbal I cut Wnt-5A plasmid. Embryos were hybridized with the probe according 
to the procedures described in section 2.6. Both control and RA-treated embryos were 
developed in NTMT with NBT and BCff for equal length of time (about 5 hours) 
and also exposed for the same duration of time when photographed. 
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4.3 Results 
4.3.1 Histological examination of cell death in the tail bud 
i At the time immediately after treatment at 9.5 d.p.c.(time 0)，the caudal end of 
I 
control embryos consisted of loosely arranged primitive streak cells covered by the 
surface ectoderm with a flat neuroepithelium forming on the dorsal surface (Fig. 
4.1A). Twelve hours later, the remnant of the primitive streak formed into tail bud 
cells which appeared diffused and mesenchymal-like in control embryos (Fig. 4.1C). 
At 24 (Fig. 4.1E) and 36 hour (Fig. 4.1G)，the tail bud did not show much changes, 
mitotic figures and red blood cells within blood vessels were frequently found, 
indicating that the tail bud cells were actively proliferating and had good blood 
supply. However, in contrast, RA-treated embryos were similar to the control only at 
time 0 (Fig. 4.1B). Twelve hours after RA treatment, tail bud cells appeared much 
more condensed than that of the control (Fig. 4.1D), suggesting that tail bud cells had 
i 
started to behave abnormally. At 24 hour, numerous pyknotic nuclei were found 
throughout the tail bud (Fig. 4.1F). At 36 hour, no pyknotic nucleus was observed 
I (Fig. 4.1H). On the contrary, mitotic figures could be found. Moreover, cells in the 
dorsal and central regions appeared as small aggregates with nuclei located at the 
periphery. These features resembled the early stage of secondary neurulation. As 
shown in section 3.3.3, by 48 hour, cavities were found in the center of the aggregates 
and multiple neural-tube like structures occupied most of the space in the tail bud 
(Fig. 3.7D). 
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4.3.2 Analysis of internucleosomal DNA fragmentation 
To determine the nature of cell death in the tail bud, DNA was extracted from 
tail buds at various time points after RA treatment, and then separated on an agarose 
gel and detected by ethidium bromide staining. Fig. 4.2A showed that 24 hours after 
RA treatment，a laddering pattern was clearly visible, with the lowest band in the 
ladder corresponded to nucleosome-sized fragments of about 180-200 base pairs long. 
The other bands corresponded to multimers of the fragments in the lowest band, 
indicating that DNA in the tail bud cells had undergone internucleosomal 
fragmentation, a characteristic of apoptosis. The data agreed with histological 
observation that numerous pyknotic nuclei were found in the tail bud 24 hours after 
RA treatment (Fig. 4.1F). However, some very faint bands were also observed at 18 
I and 30 hour. Therefore, in order to carry out a more qualitative and quantitative 
analysis of apoptotic DNA fragmentation, a method based on detecting the 
i radiolabeled-ddUTP attached to the 3'-end of DNA fragments by autoradiography 
was employed and this method is at least 100 fold more sensitive than the ethidium 
bromide staining method (Tilly and Hsueh, 1993). Fig. 4.2B showed that as early as 
12 hours after RA treatment, a weak DNA laddering pattern could be detected, 
showing that although pyknotic nuclei were not yet identifiable histologically (Fig. 
4.1D), the tail bud cells had already committed into the apoptotic pathway. This 
fmding agreed with the fact that DNA fragmentation occurs early in the apoptotic 
process and first appears several hours before apoptotic bodies are formed 
(Schwartzman and Cidlowski, 1993), therefore, it is a good marker for indicating 
when the cell commits to apoptosis. At 18 hour, the amount of DNA fragmentation 
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increased and at 24 hour, a very strong apoptotic ladder signal was observed. The 
quantity of fragmented DNA is related to the amount of dead cells. This strong 
apoptotic ladder signal indicated that most of the cells in the tail bud died at this time 
and agreed with the data obtained by eithidium bromide staining (Fig. 4.2A) and 
histological observation (Fig. 4.1F). Only 6 hours after the massive cell death, the 
amount of apoptotic DNA fragments was reduced to a very low level as shown by a 
weak band, indicating that apoptotic bodies were rapidly removed from the tail bud. 
At 36 hour, although an apoptotic ladder was still visible, no more pyknotic nucleus 
I was observed in histological sections (Fig. 4.1H), probably because the pyknotic 
nuclei were engulfed and broken down by neighbouring cell and the apoptotic DNA 
fragments were located inside the lysosomes of these cells. By 42 hour, apoptotic 
fragements completely disappeared. In the control, no apoptotic DNA fragment could 
be detected even by this very sensitive method, showing that apoptosis does not 
usually occur in the tail bud at that stage. 
4.3.3 TUNEL 
To determine the spatial distribution of apoptotic cells, transverse sections of 
the caudal region of control and RA-treated embryos at 10.5 d.p.c. were stained by 
the TUNEL method (Gavrieli et al., 1992; Tone et al., 1994). A lot of positive signals 
were observed in the tail bud of RA-treated embryos (Fig. 4.3A) and little if any 
positive signal was found in control embryos (Fig. 4.3B). Interestingly, the location 
of apoptotic cells was not the same at different axial level. At the most caudal region, 
apoptotic cells scattered throughout the tail bud mesenchyme (Fig. 4.3A). However, 
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in more cranial region, apoptotic cells were mainly located at the lateral and ventral 
regions (Fig. 4.3C) and no apoptotic cell was detected at the dorsal midline region 
where tail bud cells had condensed together and were undergoing the early phase of 
secondary neurulation. This was more clearly seen in the histological section stained 
with haematoxylin and eosin (Fig. 4.3D). While pyknotic nuclei were plentiful in 
most regions, a secondary neural tube was developing at the dorsal midline in which 
cells were arranged with apicobasal orientation and mitotic figures were located at the 
: i ：! 
adluminal side. This finding showed that cells in the tail bud region might have 
different susceptibility to RA. To serve as a positive control of labeling，the hindlimb 
bud of the control embryo was also included in the experiment since the apical 
ectodermal ridge is proved to be a physiological site of apoptotic cell death (Alles and 
Sulik, 1989). Apoptoic cells were clearly labeled in the apical ectodermal ridge (Fig. 
4.3E). However, no cell was labeled in the tail bud sections of RA-treated embryos 
without Tdt (Fig. 4.3 F)，goat anti-biotin IgG (Fig. 4.3G) or biotinylated rabbit anti-
goatIgG(Fig. 4.3H). 
4.3.4 Wnt'5A gene expression 
Although a lot of cells in the tail bud died at 24 hours after RA treatment, a 
proportion of cells still survived. However, it was found that the tail bud terminated 
in growth even after all the dead cells were removed. Therefore, to determine whether 
the tail bud cells in the RA-treated embryos were functioning normally, the 
expression of Wnt-5A was detected by in situ hybridization. This gene was chosen 
because it expresses specifically in the tail bud and the primitive mesoderm. It is 
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suggested to be important in forming the lateral mesoderm (Takada et al.’ 1994). The 
two stages chosen for analysis were 10 hours and 24 hours after RA treatment 
because the first apoptotic DNA fragmentation was detected at 12 hour while 
maximum apoptosis occurred at 24 hour, therefore, it would be interesting to 
determine whether Wnt-5A showed any change in expression just before (10 hour) 
and during (24 hour) apoptosis. 
^ In the sense control，no signal was detected in the embryo (Fig. 4.4C). In 
contrast, antisense RNA probe could detect Wnt-5A expression in both control (Figs. 
4.4A, D) and RA-treated embryos (Figs. 4.4B, E). Ten hours after injection, in 
control embryos, Wnt-5A expressed at high level in the tail bud, the presomitic 
mesoderm and the apical ectodermal ridge of the forelimb buds; a low level of 
expression was also detected in the facial primordia and the forelimb bud 
mesenchyme (Fig. 4.4A). This expression pattern is the same as the reported normal 
expression pattern of Wnt-5A (Takada et al., 1994). In RA-treated embryos, the 
expression pattern was similar to that of control (Fig. 4.4B). Wnt-5A transcripts were 
detected in the tail bud and the presomitic mesoderm although the expression level 
appeared slightly down-regulated and also was restricted to a smaller region which 
could be related to the morphological observation that the tail bud region of RA-
treated embryos has already shown growth retardation by 10 hour. 
Twenty-four hours after RA treatment, Wnt-5A transcripts were no longer 
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including the apical ectodermal ridge and the facial primordia (Figs. 4.4E，G). In 
control embryos, Wnt-5A was strongly expressed in the tail bud and the presomitic 
mesoderm (Figs. 4.4D, F)，showing that the switching off of Wnt-5A in the tail bud 
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4.4 Discussion 
It is suggested that the pathogenesis of a number of RA-induced 
malformations is related to excessive cell death in regions of physiological cell death. 
For example, RA administered to pregnant mice at 11 d.p.c. caused limb reduction 
I i 
I defects and excessive cell death was found in regions of the limb mesenchyme which 
were always associated with the zones of physiological cell death in control embryos 
of comparable stages (Alles and Sulik, 1989). When RA was administered at about 
8.5 d.p.c., spina bifida was induced in the offspring and it is proposed that the 
pathogenetic mechanism is excessive cell death in the tail gut and mesenchyme 
ventral to the neuroepithelium of the posterior neuropore, it is also found that the tail 
gut endoderm is an identifiable site of physiological cell death at that stage (Alles and 
Sulik, 1990). Furthermore, RA can also induce facial dysmorphogenesis and again 
excessive cell death was detected in areas of the facial primordia associated with 
physiological cell death (Osumi-Yamashita et al.’ 1992). In chapters 3 and 4, it was 
clearly demonstrated that RA caused excessive cell death in the tail bud within 24 
hours after RA treatment and the embryo later developed SA. Is the mouse tail bud a 
physiological cell death site? 
From histological observation of the tail bud of control embryos at 9.5-10.5 
d.p.c (Fig. 4.1), no dead cell (pyknotic nuclei) was readily identifiable. In fact, there 
were many mitotic figures, indicating that the tail bud was actively proliferating. 
However, cell death in the tail bud is reported in human (Fallon and Smandl, 1978) 
and chick (Schoenwolf, 1981; Sanders et al., 1986; Miller and Briglin, 1996). No 
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matter whether the animal has a tail or not, the tail bud is first formed. For example, 
although hamster has a reduced tail, the initial development of the tail bud (Shedden 
and Wiley, 1987) is very similar to those of rodents with a long tail. However, it is 
recently found that during normal embryo development in hamster, massive cell death 
suddenly occurs in the tail bud mesenchyme just before the tail terminates in 
elongation (Wun, 1996). Therefore, temporally- and spatially-regulated cell death 
may be the mechanism to control the extent of tail bud growth and hence the overall 
length of the tail. In some species, the tail bud dies prior to formation of a tail (e.g. 
human, chick), whereas in others, the tail bud dies at later stages after the tail is 
formed (e.g. mouse). Therefore, this phenomenon may account for different tail 
lengths in different species. If premature cell death occurs in the tail bud, SA may be 
resulted. For example, in the mouse mutant Brachyury’ cell death occurs in the tail 
bud before the tail is fully formed and results in shortening of the tail (Wittman et al., 
1972). Hence, exogenous RA induced precocious cell death in the tail bud and might 
therefore lead to truncation of the vertebral column. However, does RA play a role in 
naturally occurring cell death? 
There is some evidence to support that RA may mediate naturally occurring 
cell death in embryonic development. In the limb bud, cell death plays an important 
role in morphogenesis/ shaping of the limb. There are various cell death zones, e.g. 
the apical ectodermal ridge, the anterior and posterior necrotic zones, and the 
interdigital zones (Milaire and Rooze，1983; Alles and Sulik, 1989). IfRA is involved 
in limb bud development, then it should be present endogenously. Indeed, RA is 
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detected in the limb bud (Satre and Kochhar, 1989). Besides，various RA receptors 
and cellular retinoic acid binding proteins (CRABPs) exhibit temporally- and 
spatially-regulated patterns of distribution (Dolle et al., 1989, 1990; Ruberte et al., 
1991). CRABP is suggested to play an important role in controlling the levels of free 
RA available for binding to the nuclear RA receptors and their distribution patterns 
j correlate well with known target tissues of excess RA-induced teratogenesis. 
j 
:| Therefore, it is possible that by varying the level of endogenous RA via altered RA 
receptors and CRABPs expressions, specific areas of the limb bud may undergo cell 
death. 
In the tail bud regions, a number of RA receptors, cellular retinol binding 
proteins (CRBPs) and CRABPs are expressed (Ruberte et al., 1991). This indicates 
that RA may have some functions in regulating the tail bud development. It is also 
found that RA and RA-generating enzyme (retinaldehyde dehydrogenase) are 
synthesized in the spinal cord at various concentrations in different levels (McCaffery 
and Drager, 1994). Therefore, it is possible that a transient increase in RA in the tail 
bud may cause local activation of RA-inducible genes (e.g. genes involved in 
apoptosis) that leads to apoptosis in the tail bud, resulting in termination of tail bud 
development. 
Results of TUNEL staining (Fig. 4.3) showed that apoptotic cells were located 
all over the undifferentiated tail bud mesenchyme at the caudal-most region. 
However, this was not the case in more cranial regions. Dead cells were found mainly 
in the ventral and lateral sides of the tail bud. In contrast, cell condensation and 
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cavitation was occurring in the dorsal midline region and mitotic figures were present 
in the apical surface which are typical characteristics of secondary neurulation. This 
suggests that the different types of tissues derived from the tail bud, for instance, the 
neural tube, notochord and sclerotome, may be differently affected during 
development of SA. Indeed, RA is known to induce cell death selectively among the 
facial primordia of the mouse: mesenchymal cell death is induced in the maxillary 
and mandibular prominences, but not in the nasal prominences (Motoyama et cd., 
1994). Findings in this study may therefore shed light on understanding why in 
human SA, not all tissues are equally affected. For example, while vertebrae are 
truncated below the level of the lesion, it is common to find thickening or lengthening 
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5.1 Introduction 
5.1.1. RARs and their isoforms 
RA plays an important role in regulating diverse aspects of growth, 
differentiation and patterning during embryogenesis. The effects of RA are mediated 
by nuclear receptors termed RARs, which belong to the steroid-thyroid hormone 
nuclear receptors family (Zilliacus et al., 1994). In addition, another subfamily of 
nuclear receptors, termed RXRs，might mediate some of the effects of retinoic acid or 
its metabolites. However, in recent studies, it is shown that the physiological ligand 
for RXRs is 9-cis retinoic acid (Mangelsdorf et al.’ 1992a)，therefore, only RARs 
were discussed in here. 
In vertebrates, three RAR-encoding genes have been identified, namely, RAR-
a (Petkovich, et aL, 1987)，RAR-p (de The et al., 1987) and RAR-y (Zelent et al., 
1989). Moreover，each type of receptor can be subdivided into different isoforms 
(Leroy et al., 1992; Kliewer et al., 1994). In mouse, there are two different promoters 
in each RAR coding sequence. As a result, there are two isoforms in RAR-a (RAR-
al and RAR-a2) and RAR-y (RAR-y7 and RAR-y2). In addition, due to alternative 
splicing, four isoform of RAR-p (RAR-P7 to RAR-P^) are produced. Some of these 
isoforms are also found in other species, e.g. human (Krust et al., 1989), chick 
(Padanilam et al., 1991)，xenopus (Blumberg et al., 1992) and newt (Ragsdale et al., 
1989). The amino acid sequences of these receptors and their isoforms are highly 
conserved. However, their DNA binding sequences are different to each other (Leroy 
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different genes via different RARs or their isoforms. It is found that once the RAR is 
activated by RA, the RAR-RA complex can bind to the enhancer region of the target 
gene and regulate gene expression (Mangelsdorf and Evans, 1992b; Kastner et al, 
1994). The DNA sequence of the target gene recognized by the RAR is known as the 
retinoic acid response element (RARE). Several genes with RAREs have been 
identified, such as Hox genes (Langston and Gudas, 1992; Ogura et al, 1995a，b), 
cellular retinoid binding protein type II (CRBPII) (Mangelsdorf et al., 1991) and even 
some of the RARs themselves (de The et al., 1990). 
5.1.2 Expression pattern of RARs during embryogenesis 
Although the functions of RARs are not yet fully understood, their spatial and 
temporal expression patterns have been well studied in mouse embryonic 
development (Dolle et al., 1990; Ruberte et al., 1990, 1991, 1993). 
I 
The expression of RARs is reported to begin in the preimplantation mouse 
embryos (Wu et al., 1992). In postimplantation mouse embryos, the expression 
patterns ofRARs are spatially-restricted (Ruberte et al., 1991). RAR-P transcripts are 
detected in the trunk's neuroepithelium cranial to the posterior neuropore, in the distal 
region of the developing limb bud and the facial mesenchyme. RAR-y transcripts can 
be found in the tail bud region caudal to the closed neural tube, the distal region of 
the developing limb bud and the frontonasal mesenchyme. In contrast, the expression 
of RAR-a is less restricted and expressed almost ubiquitously in most of the 
embryonic tissues. The different expression patterns of RARs in embryonic 
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development suggest that each RAR has different roles in different embryonic tissues 
during embryogenesis. For instance, RAR-a is suggested to be a house keeping gene 
in the embryo (Ruberte et al,, 1991), RAR-P is suggested to be involved in 
maturation of the closed spinal neural tube (Ruberte et al., 1991) and RAR-y in tail 
1 
I bud development (Ruberte et al., 1991; Chen et al., 1995). 
i I 
5.1.3 RAR mutants and functional redundancy of RARs 
To flnd out the actual function of RARs in embryogenesis, several RARs 
mouse mutants are created (Lohnes et al., 1995). In single mutants with disruption of 
all or some isoforms of RAR-a (Li et al., 1993; Lufkin et al, 1993)，RAR-P 
(Mendelsohn et al., 1994b; Luo et al., 1995) or RAR-y (Lohnes et aL, 1993; Look et 
aL, 1995), they are either normal or have some minor defects only. These findings 
suggest that there is considerable functional redundancy among the various RARs. 丨 
Indeed, studies on some RAR mutant cell lines show that certain functions of the 
mutated RAR can be fulfilled by over-expression of other types of RARs (Taneja et 
al., 1995). In double/ compound mutants, disruption of two or more types RARs or 
their isoforms resulted in much more severe congenital malformations than single 
mutants (Lohnes et a/.，1994; Mendelsohn et al., 1994a; Luo et al., 1996). These 
findings do not only indicate that RARs are essential in embryonic development, but 





Chapter 5: Retinoic Acid Receptors (RARs) 
5.1.4 RARs and SA 
Although there are many reports on investigation of the role of RARs in 
embryonic development, very few studies have been carried out to find out the 
relationships between RARs and SA, except it is shown that when RAR-y7 is knocked 
out, the null mutant is no longer susceptible to RA-induced vertebral agenesis 
(Lohnes et al., 1993)，while mice lacking all isoforms of RAR-P develop normally 
and are susceptible to the teratogenic effects ofRA (Luo et cd., 1995). 
It is reported that as soon as 1 hour after in vivo administration of RA, RA was 
already detectable in the mouse embryo (Kochhar et al., 1976) and a change in gene 
expression occurred 2-3 hours after treatment (Osumi-Yamashita et al., 1992; Chen et 
al. 1995). Results in chapters 3 and 4 showed that the early embryonic event of RA-
• I 
induced SA was extensive apoptosis in the tail bud, which was already detectable at ' 
12 hour after RA treatment and reaching a maximum level at 24 hour. Therefore, to 
determine whether any of the three RARs could be involved in mediating the effect of 
RA in inducing apoptosis, the expression of these receptors, particularly in the tail 
bud region, was studied by in situ hybridization at 2, 5，10 and 24 hours after RA 
treatment, which covered the time before and during massive apoptosis. 
1 
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5.2 Materials and methods 
5.2.1 In situ hybridizaiton of RAR-a expression 
5.2.1.1 Sample collection 
RA at a dose of 100 mg/kg was injected into pregnant mice at 9.5 d.p.c.. 
Embryos were collected at 2 (21-22 somite-stage), 5 (23-24 somite-stage), 10 (26-27 
somite-stage) and 24 hours (33-34 somite-stage) after RA treatment. In each time 
f 
point, more than one embryo was used (Table 5.1). Embryos were processed as 
described in section 2.6. 
Table 5.1 No. of embryos used in each time point for RAR-a expression studies 
RNA probe Anti-sense Sense 
Treatment RA Control — RA — 
No. ofhours 2 5 10 24 2 5 10 24 2 
after treatment 
No. ofembryos 9 9 9 ‘ 9 9 “ 9 9一 9 — 6 i 
j 
5.2.1.2 Probe preparation 
1 
The cDNA of RAR-a (Appendix 2) used in this experiment can detect all the 
isoforms of RAR-a. The plasmid was first transformed into E. coli XL1 Blue MRF' 
{Stratagene) and the plasmid was amplified as mentioned in section 2.5. The anti-
sense RNA probe was synthesized by using T3 polymerase and EcoR V linearized 
plasmid. The sense RNA probe was synthesized by using T7 polymerase and EcoR V 
linearized plasmid. Embryos were hybridized with the probe according to the 
procedures described in section 2.6. Both control and RA-treated embryos were 
developed in NTMT with NBT and BCIP for equal length of time (about 5 hours) and 
also exposed for the same duration of time when photographed. 
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5.2.2 In situ hybridization of RAR-p expression 
5.2.2.1 Sample collection 
Same as section 5.2.1.1 
Table 5.2 No. of embryos used in each time point for RAR-P expression studies 
RNA probe Anti-sense 
Treatment RA Control 
No. ofhours after 2 5 10 24 2 5 | 10 24 
treatment 
No. ofembryos ~ ~ ^ 9 "^9~ 12 ~ 9 9 1 ^ 
5.2.2.2 Probe preparation 
The cDNA of RAR-p (Appendix 3) used in this experiment can detect all the 
isoforms of RAR-p. The plasmid was first transformed into E. coli XL1 Blue MRF' 
{Stratagene) and the plasmid was amplified as mentioned in section 2.5. The anti-
sense RNA probe was synthesized by using T7 polymerase and Hind III linearized 
plasmid. No sense control was done in this experiment because there is no suitable 
restriction site at the 3'-end. Embryos were hybridized with the probe according to 
the procedures described in section 2.6. Control and RA-treated embryos were 
developed and photographed using the same criteria as discussed in section 5.2.1.2. ) j 
The staining time was about 8 hours. 
1 
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5.2.3 In situ hybridization of RAR-y expression 
5.2.3.1 Sample collection 
Same as section 5.2.1.1 
Table 5.3 No. of embryos used in each time point for RAR-y expression studies 
RNA probe Anti-sense 
Treatment RA Control 
No. ofhours after 2 5 10 24 2 5 | 10 24 
treatment 
No. ofembryos ~~V~ 9 ~ ^ 12 “ 9 9 9 12 
5.2.3.2 Probe preparation 
The cDNA of RAR-y (Appendix 4) used in the experiment can detect all the 
isoforms of RAR-y. The plasmid was first transformed into E. coli AG1 (Stratagem) 
and the plasmid was amplified as mentioned in section 2.5. The anti-sense RNA 
probe was synthesized by using T7 polymerase and BamH 1 linearized plasmid. Since 
the vector does not contain RNA promoter for the synthesis of the sense probe, no 
sense control was done in this experiment. Embryos were hybridized with the probe 
according to the procedures described in section 2.6. Control and RA-treated embryos 
were developed and photographed using the same criteria as discussed in section 
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5.3 Results 
5.3.1 RAR-a gene expression 
Expression pattern in cranial and trunk regions 
In control embryos, RAR-a transcripts were found in most of the embryonic 
tissues throughout the four investigated time points (Figs. 5.1A, D，F, H) as agreed 
with published normal expression pattern of RAR-a (Dolle et al‘, 1990; Ruberte et 
al.’ 1991). The expression could be detected in the frontonasal, maxillary and 
mandibular mesenchyme, in all mesodermal components of the trunk, limb buds and 
in the gut, but low level in the heart. RAR-a transcripts were also detected in the 
neural tube with the anterior limit of expression at rhombomere 3-4 boundary (Fig. 
5.1F). 
i 
I In contrast, there appeared to be a general up-regulation of RAR-a in most 
tissues as soon as 2 hours after RA treatment (Fig. 5.1B) and the up-regulation of 
RAR-a transcripts persisted at 5 hour (Fig. 5.1E) and 10 hour (Fig. 5.1G). By 24 
hours after RA treatment, the expression of RAR-a transcripts was returned to the 
same level as control embryos (Fig. 5.1I). In embryos hybridized with a sense RAR-a 
probe, no expression was detected in any tissue (Fig. 5.1C), confirming that the 
relatively ubiquitous expression of RAR-a transcripts was not due to non-specific 
binding or background staining, but was specific expression pattern. 
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Expression pattern in caudal region 
RA seemed to have a dramatic effect on the expression level of RAR-a in 
specific tissues in the caudal region. In control embryos, RAR-a transcripts were 
detected in most tissues like the neural tube, hindgut and somites, but relatively little 
transcripts could be detected in the presomitic mesoderm and the primitive streak/ tail 
bud (Figs. 5.1A, D，F, H; 5.4A). However, in RA-treated embryos, although there 
was a general up-regulation of RAR-a transcripts in most tissues, the expression level 
in the presomitic mesoderm and the primitive streak/ tail bud was highly up-regulated 
at 2 hour (Fig. 5.1B) and 5 hour (Fig. 5.1E) after RA treatment. At 10 hour, although 
the general up-regulation of RAR-a transcripts was sustained in most tissues, the 
expression of RAR-a in the presomitic mesoderm and the tail bud mesenchyme was 
already down-regulated to a much lower level compared with the two earlier time 
i 
points (Fig. 5.1G). By 24 hour, RAR-a expression in all tissues of RA-treated 
embryos (Figs. 5.1I; 5.4B) was back to the same level as control embryos (Figs. 5.1H; 
5.4A). The caudal region posterior to the hindlimb buds was severely reduced in 
length. Caudal to the last visible somite, the mesenchyme was very disorganized and 
RAR-a transcripts were barely detectable in the tail bud at the caudal extremity (Fig. 
5.4B). 
5.3.2 RAR-P gene expression 
Expression pattern in cranial and trunk regions 
Compared with RAR-a, RAR-P exhibited more restricted domains of 
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embryos, RAR-P transcripts were most abundant in the anterior facial mesenchyme 
around the optic vesicle and in the frontonasal mesenchyme, while expression in the 
maxillary and mandibular mesenchyme was comparatively lower. RAR-P transcripts 
exhibited a rostral limit of expression in the hindbrain corresponded to the 
rhombomere 6-7 boundary (Fig. 5.2A), extending caudally along the whole length of 
the closed region of the neural tube but not in the neuroepithelium of the posterior 
neuropore. RAR-P was highly expressed in the gut endoderm. RAR-P transcripts 
were initially detected in the whole limb bud at early stage of limb bud development, 
but were restricted to the proximal region at later stage (Fig. 5.4C). Very few 
transcripts were detected in the heart and somites. This expression pattern in control 
embryos agreed with published normal expression pattern of RAR-p (Dolle et al., 
1990;Ruberte et al., 1991). 
Compared with control embryos, RAR-P was highly up-regulated in the facial 
mesenchyme, the maxillary and mandibular mesenchyme, the limb buds and the gut 
as soon as 2 hours after RA treatment (Fig. 5.2B) and this up-regulated expression 
level sustained to the tenth hour (Figs. 5.2D, F). At 24 hour, the expression ofRAR-P 
transcripts was down-regulated to the same level as control embryos (Fig. 5.2H). 
Expression pattern in caudal region 
In the caudal region of control embryos, RAR-P expressed in the gut 
endoderm and the closed region of the primary neural tube up to about level somite 
30 (Fig. 5.2G). However, no transcript was detected in the somites, presomitic 
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mesoderm nor the primitive streak/ tail bud in all investigated time points (Figs. 5.2A, 
C，E，F; 5.4C). In RA-treated embryos, RAR-p remained unexpressed in the somites, 
presomitic mesoderm and the primitive streak/ tail bud (Figs. 5.2B, D，F, H; 5.4D). 
5.3.3 RAR-y gene expression 
Expression pattern in cranial and trunk regions 
In control embryos, RAR-y exhibited highly restricted expression domains as 
agreed with published normal expression pattern (Dolle et al., 1990; Ruberte et al., 
1991). RAR-y transcripts were detected in the frontonasal and facial mesenchyme, 
maxillary and mandibular mesenchyme, the limb buds and the gut in all investigated 
t 
time points (Figs. 5.3A, C, E, G). However, RAR-y did not express in the closed 
neural tube and no transcript was detected in the heart nor somites. 
In RA-treated embryos, there was a slight general up-regulation of RAR-y 
transcripts in those tissues that were also expressed in the control but no new 
expression domain (Figs. 5.3B, D，F，H). This general up-regulation was detected at 2 
hour and sustained till 10 hours after RA treatment. By 24 hour, the expression level 
ofRAR-y transcripts in control (Fig. 5.3G) and RA-treated embryos (Fig. 5.3H) were 
similar. 
Expression pattern in caudal region 
In the caudal region of control embryos, RAR-y transcripts were highly 
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detectable in the overlying neural folds of the posterior neuropore but not in the 
closed region of the neural tube (Figs. 5.3A, C，E，G; 5.4E). For RA-treated embryos 
at 1, 5 and 10 hours, RAR-y transcripts were also detected at high level in those 
regions as control (Figs. 5.3B，D, F) but no significant difference in expression level 
between control and RA-treated embryos could be detected. However, at 24 hour, 
RAR-y was specifically down-regulated to undetectable level in the tail bud region in 
RA-treated embryos (Fig. 5.4F) although the expression in other tissues, e.g. the 
I hindlimb buds, remained high. 
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5.4 Discussion 
Results from whole mount in situ hybridization showed that RAR-a and 
RAR-y were both present at high level in the primitive streak/ tail bud region ofRA-
treated embryos while no RAR-P transcript could be detected at that region. 
RAR-p is suggested to play a role in apoptosis. It is shown that in the 
interdigital mesenchyme, which is a physiological site of programmed cell death, 
RAR-P is highly expressed there (Dolle et al.’ 1990). Furthermore, in RA-induced 
craniofacial malformations, the abnormal morphology is proposed to be attributed by 
excessive cell death in specific regions of the facial primordia, and the level of RAR-
p transcripts was elevated in these regions, therefore, suggesting that ectopic 
induction ofRAR-P by RA may lead to excessive cell death (Osumi-Yamashita et al., 
1992). Moreover, an elevation in RAR-P2 mRNA level is shown to have a positive 
correlation with the regions susceptible to RA teratogenesis (Harnish et al., 1992; 
Jiang et al., 1994). However, it is recently reported that in RAR-P null mutant mice, 
embryos are equally susceptible to RA-induced teratogenesis as wild -type mice (Luo 
et al., 1995). Although a natural role of RAR-P in mouse embryogenesis cannot be 
ruled out because of the possibility of functional redundancy, such that other types of 
RARs might replace the function of RAR-P in the null mice, it is unlikely that RAR-P 
mediated the effect of RA in inducing apoptosis in the tail bud. It is because if RAR-p 
is involved，it is expected to be up-regulated/ ectopically expressed in the tail bud 
since RAR-P does not normally show expression in that region (Ruberte et al., 1991; 
present study). However, results in this chapter clearly showed that RAR-P remained 
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unexpressed in the tail bud of RA-treated embryos throughout all investigated time 
points. 
Results in this chapter showed that although RAR-a was almost ubiquitously 
expressed in most tissues, the level of expression in the tail bud region of control 
embryos was comparatively low. However, upon exposure to RA, RAR-a was highly 
up-regulated in the tail bud region as soon as 2 hours after treatment, suggesting that 
RAR-a might be involved in RA-induced apoptosis in the tail bud. Indeed, there is 
1 evidence that a RAR-a dependent signaling pathway is involved in the induction of 
i 
i tissue transglutaminase and apoptosis induced by RA (Zhang et al., 1995). 
Furthermore, the present study showed that by 10 hour after RA-treatment, although 
apoptotic DNA fragmentation was not yet detectable, growth retardation was already 
evident. RA can affect the proliferation and differentiation of a wide variety of cell 
types both in culture and in vivo. In amphibian, the initial action of RA on the limb is 
reported to be inhibition of division of the blastemal progenitor cells and is shown to 
be mediated by RAR-a7 (Schilthuis et al., 1993). One may argue that an elevation of 
RAR-a transcripts in the tail bud region after RA exposure might not have specific 
effects，since a general up-regulation of RAR-a was also detected in most tissues as 
RAR-a had ubiquitous expression. However, in a recent study, it is demonstrated that 
RAR-a agonist, which selectively activates RAR-a, can induce vertebral agenesis in 
the mouse and also a number of defects which are frequently associated with SA, e.g. 
imperforate anus and renal agenesis (Elmazar et al., 1996) and the teratogenic effect 
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1994). These findings strongly support that RAR-a might be involved in RA-induced 
SA. 
Results from the present study also showed that besides RAR-a, RAR-y was 
also highly expressed in the tail bud region at the time when RA was exerting its 
effect, although the expression level did not seem to be up-regulated in RA-treated 
embryos when compared with the control. However, if RAR-y transcripts in the tail 
bud region were already abundant during normal embryogenesis, an up-regulated 
expression might not be necessary. Indeed, RAR-y is suggested to be important for 
I 
tail bud development because of its temporal and spatial expression in the tail bud 
I (Ruberte et al., 1990), and in RAR-y7 null mutant, exogenous administration of RA 
does not lead to development of SA in the offspring, therefore, suggesting that RAR-
yl might be involved in RA-induced SA (Lohnes et al., 1993). However, there is as 
yet no report which shows a link between RAR-y and apoptosis. Moreover, when 
RAR-y agonist was administered to pregnant mice, vertebral agenesis rarely occurred 
and no defect in kidney nor the anus was found (Elmazar et al., 1996), therefore the 
role of RAR-y in RA-induced SA is not yet clear. It is possible that RAR-y binds to 
RA in the tail bud and another RAR (may be RAR-a) activates the cell death 
program. This can explain why RAR-y null mutant is not susceptible to RA-induced 
SA because RAR-y transcripts are not available to bind to RA in the tail bud. 
However, if only RAR-y is activated, it alone cannot lead to cell death, therefore, SA 
is not developed in offspring of mice treated with RAR-y agonist. 
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The relationship of RAR-a and RAR-y in the tail bud is unclear. However, it 
is known that RARs can form heterodimer to regulate gene expression when the 
RARs concentrations reach a certain threshold level (Mader et al., 1993a, b). 
Therefore, it is possible that the up-regulation of RAR-a in the tail bud mesenchyme 
might enhance the formation of heterodimer of RAR-a/RARy which in turn activates 
the cell death program. Further studies are required to elucidate the relationship 
between these two receptors and other genes. 
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6.1 Conclusion and future perspectives 
As discussed in chapter 1, SA is a birth defect which involves various degrees 
of agenesis of lower vertebrae together with a number of anomalies affecting the 
caudal spinal cord, genitourinary and gastrointestinal systems (Pang, 1993; Pauli, 
1994). This defect is found in individuals with family history of SA (Fellous et al., 
1982) and also occurs in sporadic cases, especially among infants of diabetic mothers 
(Kucera, 1971), or accidental megadose of vitamin A exposure (Rosa, 1993). These 
findings suggested that both genetic and environmental factors can be involved in 
causing SA, however, the underlying embryonic processes which are disturbed during 
development of the defect remain unknown. 
To unravel the pathogenetic mechanism of SA, a mouse model was employed 
in the present study. In chapter 3, it was clearly demonstrated that a single dose of RA 
administered to pregnant mice could induce various degrees of vertebral agenesis in 
the offspring, depending on the dose and the stage of treatment. Furthermore, caudal 
spinal cord malformations (terminal myelocystocele), genitourinary defects (renal 
agenesis) and gastrointestinal anomalies (imperforate anus, rectal atresia; Tang, 1996) 
were also found in this mouse model which bear striking similarities with human SA, 
suggesting that RA might be affecting a key step in embryogenesis, which if 
disturbed, could lead to a number of defects. This also implies that when investigating 
the pathogenetic mechanism of SA (or other syndromes), vertebral agenesis should 
not be viewed as an isolated defect, but anomalies of other systems may also arise 
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demonstrated that massive cell death in the tail bud would lead to truncation of the 
vertebral column and the level being affected depended on the time of treatment. 
Since most of the caudal tissues are derived from the tail bud, excessive death of tail 
bud cells could therefore account for the anomalies observed. It is possible that in 
human SA, some unknown factors induce cell death in the tail bud. As discussed 
earlier, SA is particularly associated with diabetic pregnancy and the majority of these 
mothers are insulin takers (Passarge and Lenz, 1966), therefore, maternal factors in 
the diabetic milieu (Sadler, 1980a)，e.g. hypoglycemia (Tanigawa et al., 1991), 
hyperglycemia (Sadler, 1980b)，ketone body (Horton and Sadler, 1983), somatomedin 
inhibitor (Sadler, 1986) or perhaps insulin (Cole and Trasler，1980) might be involved 
in inducing cell death in the tail bud. Although these factors have been reported to 
induce congenital malformations in experimental animals, information on the 
underlying mechanisms is lacking, therefore, it will be very interesting to look at the 
effect of diabetes, particularly on tail bud development. This will test whether cell 
death in the tail bud is a common pathogenetic mechanism in the development of SA. 
It was clearly demonstrated in chapter 4 that the nature of cell death in the tail 
bud induced by RA was apoptosis, in which a transient occurrence was sufficient to 
result in complete termination of lower body axial formation. Apoptosis is well-
controlled and regulated programmed cell death in which specific sets of genes are 
involved in the cell death pathway (Vaux et al., 1994; Steller，1995; White, 1996). 
Although RA is reported to cause cell death in a number of embryonic tissues 
(Osumi-Yasmashita et al., 1992), including the tail bud as shown in the present study, 
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information on the downstream target genes of RA that can be involved in apoptosis 
is lacking. Therefore, further investigation should be carried out to identify the target 
genes of RA and also genes that are involved in the apoptotic pathway in the tail bud. 
For example, an induction gene trap approach can be used to screen for genes that 
respond to RA (Forrester et al., 1996) or use mRNA differential display method 
(Liang and Pardee., 1992) to isolate genes that are altered after RA treatment. As 
discussed in chapter 4, apoptosis plays an important role in many embryonic 
developmental processes (Sanders and Wride, 1995) and cell death may also be 
( 
i involved in controlling the extent of tail bud growth (Wun, 1996). Therefore, i 
identification of these genes can lead to further studies to search for human 
homologues of these genes and then screen for mutations in cases of genetically-
linked SA. 
Results in chapter 5 showed that RAR-a and RAR-y, but not RAR-P, were 
most likely to be the receptors involved in mediating the effect of RA in the tail bud. 
There is evidence for and against RAR-a and RAR-y playing the key role in RA-
induced SA. Further studies should be carried out to clarify the role of them. For 
example, although RAR-a7 null mutant mice develop normally (Li et al, 1993), it is 
not known whether the mice are susceptible to RA-induced terotogenesis. 
Furthermore, RAR agonists (Elmazar et al., 1996) or antagonists (Eckhardt and 
Schmitt, 1994), which specifically activate or inhibit a specific type of RAR, may 
prove valuable in dissecting the role played by each of the receptors. Certainly, the 
RAR signaling pathways involve complex mechanisms, as more information emerged 
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on the function of the RARs and the interaction between them and with other genes, 
the role ofRAR-a and RAR-y in RA-induced SA will be elucidated. 
In conclusion, results of the present study show that RA-induced SA is a very 
good animal model because the anomalies develop bear close resemblance to the 
human conditions. The cellular basis of development that was disturbed during 
embryogenesis and some of the genes that could be involved in the process were 
identified. These findings provide important information on understanding the 
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Appendix I: Plasmid map of Wnt-5a 
EcoR I Xbal I 
I I 
5, Wnt-5A 3’ 




Insert size: 360 base pairs 
Donated by: Andrew J. McMahon 




Appendix II: Plasmid map of RAR-a 
EcoR I EcoR V EcoR I 
I _ i _ I 
5, RAR-a 3’ 
^ ^ 5 C 




Insert size: 1.8 kb 
Donated by: Pierre Chambon 




Appendix III: Plasmid map ofRAR-p 
Hind III 
BamH I BamH I 
vA I 
5, RAR-p 3’ 
^ I < C 
y^'^^'^^ ^ " ^ ^ ^ " ^ ^ " ^ " ^ ^ T 7 p r o m o t e r 
pBluescript 
v I y 
Vector: pBluescript 
Insert size: 1.8 Kb 
Donated by: Pierre Chambon 




Appendix IV: Plasmid map of RAR-y 
BamH I 
EcoR I EcoR I 
v A I 
5, RAR-y 3, 
^ " " ^ " ^ " " ^ ^ \ ^ " ^ ^ T 7 p r o m o t e r 
pSG5 
v : y 
Vector: pSG5 
Insert size: 1.8 Kb 
Donated by: Pierre Chambon 
Reference: Zelent et aL, 1989 
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Fig. 3.1 niustration of how the tail length (TL) was measured in the fetus. 
Fig 3.2 niustration of how the head length (HL) was measured in the embryo. 
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Fig. 3.3 Gross morphology and skeletal preparation of mouse fetuses treated with 
various doses of RA at 9.5 d.p.c.. 
A, C，E, G: Lateral view of the lower body of 18.5 d.p.c. fetuses. The tail length of these fetuses was 
summarized in Table 3.1. 
B, D, F，H: Skeletal preparation of 18.5 d.p.c. fetuses. The hindlimbs and part of the rib cage were 
removed. The vertebral colmrai was photographed from the dorsal side. 
A. Control fetus had a long straight tail tapering at the end. 
B. Skeletal preparation of control fetus. Counting from the thoracic region, control fetus had 13 
thoracic (13T), six lumbar (6L), four sacral (4S) and more than 10 caudal (>lOC) vertebrae. When 
counting the number ofvertebrae, if the ossified centrum (ce) was visible, then it would be counted 
as one vertebra, although the neural arch (na) and the transverse process (tp) might not be present. In 
this figure, only 11 caudal vertebrae could be seen. However, when viewed under the dissecting 
microscope, a few more vertebrae (only the centrum) posterior to the eleventh caudal vertebrae 
(arrow) could be identified, but they were not mature enough to be stained by alcian blue/ alizarin 
red. The ilium (il) articulated to the transverse process of S1. Although not clearly shown in this 
figure, the transverse processes of the four sacral vertebrae fused together to form the sacram (refer 
to Fig. 3.4D), while the transverse processes of vertebrae in other segments of the vertebral column 
were separated from one another. 
C. Fetus treated with 25 mg/kg RA had a shorter tail. The tail was slightly bent (arrowhead) at the site 
about one third down the tail. 
D. Skeletal preparation of fetus treated with 25 mgy^g RA (13T/ 6L/ 4S/ 5C). The centrum of the fifth 
caudal vertebrae (arrow) was just visible. The neural arches of the last two caudal vertebrae (C4 and 
C5) had fused together. Although a pair of neural arches (*) seemed to be present caudal to C5， 
however, since the centrum was not visible, therefore, the vertebral column was counted as 
terminated at C5. Although morphologically the tail appeared much longer (Pigure C), the vertebral 
column was truncated shortly after the hip level, showing that a large portion of the 'tail' consisted 
only of soft tissues which were dissolved away during skeletal preparation. The bending observed in 
(C) might represent the point where the vertebral column ended. 
E. Fetuses treated with 50 mgy :^g RA had a soft residual tail attached to the lower end of the body 
which appeared wedge-shaped. 
F. Skeletal preparation of fetus treated with 50 mg!kg RA (14T/ 5L/ 4S). Split centrum with two 
centers of ossification (star) was seen in L5 and S4. Fusion of neural arches was uneven: on the left 
side, fusion of neural arches occurred between S3 and S4，while on the right side, fusion occurred 
among S2, S3 and S4. Furthermore, caudal to the last visible centrum of S4, a small segment of 
neural arch was present on the left side but not on the right side. 
G. Fetus treated with 100 mgyTcg RA was totally tailless and the base of the body was bluntly ended. 
H. Skeletal preparation of fetus treated with 100 mg/kg RA (14T/ 5L/ 3S). The number of vertebrae 
which had split centrum increased 0-4, L5，S1, S2, S3). Moreover, the ossification centers of the 
centrum of L5 and S1 showed fusion on the left side. Fusion of neural arches of the last few 
vertebrae was also found. There was a small pair of rib-like protrusion at T14. In control, about 40% 
of fetuses had 14 thoracic vertebrae, however, when fetuses were treated with 100 mgyTcg RA, the 
frequency of fetuses which had 14 thoracic vertebrae increased to over 90%. Nevertheless, in 
control, the rib of T14 had both ossified shaft (rb) and costal cartilage (cc), similar to that in (F), but 
in fetuses treated with 100 mg/kg RA, the rib of T14 in some fetuses was very tiny, like the fetus in 
this figure. 
Labels: C1, first caudal vertebra; L1, first lumbar vertebra; S1, first sacral vertebra; T13, thirteenth 
thoracic vertebra; T14, fourteenth thoracic vertebra; cc, costal cartilage; ce, ossified centrum of 
the vertebral body; il, ilium; na, ossified proximal part of the neural arch; rb, ossified shaft of 
the rib; tp, transverse process; arrow; last visible centrum; arrowhead, bending in the tail; star, 
split centrum with 2 centres of ossification; *，last visible neural arch 
Scalebar: A，C，E，G 0.25 cm 






















































Fig. 3.4 Gross morphology and skeletal preparation of mouse fetuses treated with 
100 mg/kg RA at various time points. 
A, C，E，G，I，K: lateral view of the lower body of 18.5 d.p.c. fetuses. The tail length of these fetuses 
was summarized in Table 3.1 • 
B, D, F, H, J, L: Skeletal preparation of 18.5 d.p.c. fetuses, the hindlimbs and part of the rib cage were 
removed. The vertebral column was photographed from the dorsal side. 
A. Control fetus at 9 • 5 d.p • c.. 
B. Skeletal preparation of control fetus (13T/ 6L/ 4S/ >lOC). Refer to Fig. 3.3B for detail description of 
the vertebral pattem. 
C. Fetus treated with RA at 10.25 d.p.c.. The tail was morphologically similar to that of the control 
although it was shorter. 
D. Skeletal preparation of fetus treated with RA at 10.25 d.p.c. (13T/ 6L/ 4S/ 7C). The vertebral 
column appeared very similar to that of control except a few caudal vertebrae was missing. Fusion 
of the transverse processes of the four sacral vertebrae to form the sacmm was clearly demonstrated 
in this figure. 
E. Fetus treated with RA at 10.0 d.p.c. had an extremely short tail with blunt end. 
F. Skeletal preparation of fetus treated with RA at 10.0 d.p.c. (13T/ 6L/ 4S/ 4C). The vertebral column 
was truncated shortly behind the hip. Caudal to the last visible centrum of C4 (arrow) two neural 
arches (*) were found on the left side and one on the right side. Since the centrum was not visible, 
therefore these neural arches were not counted as a vertebra. 
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G. Fetus treated with RA at 9.75 d.p.c. was tailless and the lower end of the body was wedge-shaped. 
H. Skeletal preparation of fetus treated with RA at 9.75 d.p.c. (13T/ 7L/ 4S). The lower vertebral 
segments were very abnormal. All four sacral vertebrae had split or fused centrum (star). Neural 
arches were also found caudal to the last visible centrum. At 9.75 d.p.c, about a quarter of fetuses 
had an extra lumbar vertebra (L7). As shown in tMs figure, the transverse processes of L7 and S1 
fosed and articulate to the ilium on the right side (** ), while the transverse process of L7 on the left 
side remained unattached like that of other vertebrae. 
I. Fetus treated with RA at 9.5 d.p.c. was totally tailless and the base of the body was bluntly ended. 
j. Skeletal preparation of fetus treated with RA at 9.5 d.p.c. (14T/ 5L/ 3S). Splitting of the centrum 
(star) was not restricted to the sacral vertebrae but also occurred in the lumbar vertebrae Q 4^, L5). 
The neural arches of the sacral vertebrae had fiised together. The rib-like protrusion from T14 was 
described in Fig. 3.3F. 
K. Fetus treated with RA at 9.25 d.p.c. was totally tailless，the body axis was shorter. The hindlimbs 
joined at the midline and appeared as hanging from the base of the body rather than situated 
laterally. 
L. Skeletal preparation of fetus treated with RA at 9.25 d.p.c. (14T/ 3L). The vertebral colunui was 
truncated at the lumbar region and was severely matformed. Splitting and abnormal fusion of the 
centrum were found in both thoracic (T12, T13，T14) and lumbar regions. The ossified shaft of T13 
and T14 had fased together on the right side (open star). Fusion also occurred among the neural 
arches of thoracic and lumbar vertebrae. The hip bones were also severely malformed. The ilium 
was smaller, the pubic and ischial bones were unseparable with no distinct pubic symphysis. The left 
side of the ilium articulated to the last visible neural arches (**). Intervertebral segmentation was 
not clear. 
Labels: C1, first caudal vertebra; L1, first lumbar vertebra; S1, first sacral vertebra; T13, thirteenth 
thoracic vertebra; T14, fourteenth thoracic vertebra; cc, costal cartilage; ce, ossified centrum of 
the vertebral body; il, ilium; na, ossified proximal part of the neural arch; rb, ossified shaft of 
the rib; tp, transverse process; arrow; last visible centrum; open star; fusion of ossified shaft of 
the rib; star, split centrum; *，last visible neural arch; ** abnormal iliac articulation 
Scalebar: A ,C ,E ,G 0.25 cm 































Fig. 3.5 Anomalies associated with SA. 
A，C，E: Mouse fetuses treated with 100 mg/kg RA at 9.25 d.p.c. 
B，D: Human with SA 
F: Control mouse fetuses treated with equivalent volume of vehicle 
A. to the absence of sacral vertebrae, the ilia articulated to the last vertebra or fused with each other, as 
a result, the transverse diameter of the pelvis was greatly reduced (arrowhead). 
B. Narrow hip (arrowhead) is also observed in human patients with severe SA. 
C. A skin-covered terminal myelocystocele (arrow) was consistently found on the dorsal side 
immediately posterior to the last vertebra. 
D. Dorsal skin-covered terminal myelocystocele (arrow) is also frequently associated with human SA. 
E. Bilateral renal agenesis was found only in fetuses treated with RA at 9.25 d.p.c., but not in later time 
points. The adrenal glands (a) and the urinary bladder (b) were located at the normal position. 
F. A pair of kidneys (k) was located below the adrenal glands in the control fetus. 
Labels: a, adrenal gland; b, bladder; k, kidney; arrow, terminal myelocystocele; arrowhead; severely 
narrow pelvis 
B and D: photographs taken from Pang, 1993 
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Fig. 3.6 Early teratogenic response of mouse embryos at 24 hour after RA 
treatment. 
Embryos were treated in vivo with 100 mgyTcg RA (RA-treated) or equivalent volume of vehicle (control) 
at 9.5 d.p.c.. 
A, C, E, G, I: Control embryos 
B, D, F, H, J: RA-treated embryos 
A. The region caudal to the hindlimb buds (hb) was well developed. 
B. Embryo appeared morphologically normal except the caudal region which was significantly shorter 
and a dense cell mass (arrow) located at the caudal extremity. 
C. Dorsal view of the caudal region with the last few somites (s) caudal to the hindlimb buds clearly 
visible and the neural tube (nt) was straight and extended almost to the tail tip. 
L1 indicated the level of the tail bud equivalent to the tenth transverse sections (about 70 ^m) 
cranial to the tail tip. 
L2 indicated the level of the penultimate somite. 
D. The region caudal to the hindlimb buds was much shorter. Somites were disorganised and the neural 
tube showed undulation. A dense cell mass located at the caudal end was clearly visible. 
E & G. Transverse sections at the level of L1 showed that the tail bud consisted of undifferentiated 
mesenchymal cells surrounded by the surface ectoderm (se). Mitotic figures (m) and red blood cells 
(bc) were present, indicating that the tail bud mesenchyme was highly vascularized and under active 
proliferation. The area within the square was magnified in (G) to illustrate the morphological 
appearance of mitotic figures and red blood cells. 
F & H. At the level of Ll，the tail bud of RA-treated embryo had a smaller cross-sectional area and was 
scattered with many pyknotic nuclei. The area within the square was magnified in (¾) to illustrate 
the moq)hological appearance of pyknotic nuclei (arrowhead). 
I. Neural tube, notochord (n)，gut (g) and a pair of clearly-defmed somites were visible at the level of 
L2. 
J. Unlike control embryos which had clearly defined somites, the caudal somites in RA-treated 
embryos were disorganized and did not have a distinct boundary, so the level of L2 could only be 
roughly estimated. The notochord was also poorly delineated. However, there was no evidence of 
increase in the number of pyknotic nuclei. 
Labels: bc, red blood cell; g，gut; hb，hindlimb bud; m，mitotic figure; nt，neural tube; n, notochord 
s，somite; se, surface ectoderm; arrow, dense cell mass; arrowhead, pyknotic nuclei 
Scale bar: A-B 1 mm C-D 0.4 mm 
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Fig. 3.7 Early teratogenic response of mouse embryos at 48 hour after RA 
treatment. 
Embryos were treated in vivo with 100 mg/kg RA (RA-treated) or equivalent volume of vehicle (control) 
at 9.5 d.p.c.. 
A, C: Control embryos 
B，D: RA-treated embryos 
A. Control embryo had a long tail. 
B. RA-treated embryo appeared morphologically normal except the caudal region was truncated at a 
short distance behind the hindlimb buds (hb). 
C. The tenth transverse section (about 70 ^m) cranial to the tail tip was shown. The tail bud of the 
control embryo consisted of undifferentiated mesenchyme. Mitotic figures (m) and red blood cells 
Q c^) were frequently found. 
D. The tenth transverse section (about 70 i^m) cranial to the tail tip was shown, hi the RA-treated 
embryo, there were multiple cell aggregates, and a small cavity (c) developed within some of them. 
There was no evidence of increase in the number of pyknotic nuclei and mitotic figures were seen 
among the aggregates. 
Labels: bc, blood cell; c，cavity; hb, hindlimb bud; m，mitotic figure 
Scale bar: A-B 1 mm 
C-D 55 ^m 
Control RA-treated 
'.^ ¢": ‘ z ’ ^5,fif^ ^^P^ “ ~ ^^^. ^ ^ ' J ^ •^^ ^ s 
h b - ^ ^ ^ B hb-^^^^ ^^^ ^ ¾ ^ 
A — B 
書。• 
C D 
Fig. 4.1 Transverse histological sections of the caudal region at various time points 
after RA treatment. 
The tenth section which was at a distance of 70 ^m anterior to the caudal end was shown. 
Embryos were treated in vivo with 100 mgy^g RA OR-A-treated) or equivalent volume of vehicle (control) 
at 9.5 d.p.c.. 
A, C, E, G: Control embryos 
B, D，F, H: RA-treated embryos 
A. At time 0，the tail bud had not yet developed. The caudal end was represented by the primitive 
streak (ps) which was composed ofloosely packed cells covered by the surface ectoderm (se) except 
at the dorsal surface where a flat neuroepithelium (ne) developed. 
B. At time 0, the caudal section of the RA-treated embryo appeared histologically normal. 
C. At 12 hour, the remnant of the primitive streak had developed into the tail bud which was 
completely covered by the surface ectoderm. Cells were diffused and mesenchymal-like. Mitotic 
figures (m) and red blood cells O c^) were frequently found. 
D. At 12 hour, the tail bud mesenchyme of the RA-treated embryo appeared condensed. No pyknotic 
nucleus was found. 
E. At 24 hour, the tail bud remained undifferentiated and histologically similar to that at 12 hour (C). 
F. At 24 hour, many pyknotic nuclei (arrow) were found scattering throughout the tail bud 
mesenchyme of the RA-treated embryo. 
‘ G. At 36 hour, the tail bud mesenchyme remained undifferentiated. 
H. At 36 hour, pyknotic nuclei were akeady removed. Tail bud cells of the RA-treated embryo clustered 
as small aggregates (arrowhead) with the nuclei lying at the periphery. Mitotic figures were found 
within the aggregate. 
Labels: bc, red blood cells; m, mitotic figure; ps, primitive streak; ne, neuroepithelium; se, surface 
ectoderm; arrow, pyknotic nuclei; arrowhead, cell aggregate 
Scale bar: A-H 0.1 mm 
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Fig. 4.2 DNA fragmentation analysed by gel electrophoresis. 
RA at a dose of 100 mgfkg was injected into pregnant mice at 9.5 d.p.c. and the tail buds were collected 
at time 0 and at 6 hour intervals up to 48 hours after RA treatment. Tail buds were collected from control 
embryos at 24 hour only. DNA extracted from the tail buds was separated on an agarose gel by 
electrophoresis. 
A. Agarose gel stained with ethidium bromide. Lambda DNA digested with EcoR I and Hind III was 
used as the molecular weight marker. Multiple bands arranged in a characteristic laddering pattern, 
corresponding to multimers of nucleosome-sized fragments as a result of intemucleosomal cleavage, 
was only detectable in RA-treated tail bud samples collected at 24 hour, but no such pattern was 
detected in the control. 
B. Agarose gel analysed by autoradiography. Exposure time was 2 hours except the first two lanes 
marked by *，exposure time was 30 minutes. A 1Kb DNA ladder was used as the molecular weight 
marker. The ladder contained vector DNA fragments that ranged from 75 to 1,636 base pairs and 
therefore suitable for sizing nucleosome-size DNA fragments in multimers of 180-200 base pairs. In 
RA-treated tail bud samples, a weak laddering pattern was first detectable at 12 hom*, showing that 
some of the cells have entered the early phase of the apoptotic pathway with intemucleosomal 
cleavage. At 18 hour, the level of DNA fragmentation had increased slightly. By 24 hour, an intense 
apoptotic ladder signal was detected, indicating that most of the cells in the tail bud had undergone 
fragmentation at this time point and agreed with the data obtained by ethidium bromide staining. 
Different bands in the apoptotic ladder were more clearly distinguishable when the gel was exposed 
for 30 minutes (lane marked by *). At 30 and 36 hours, the level of the apoptotic ladder signal had 
reduced tremendously, indicating that the fragmented DNA were rapidly removed from the tail bud. 
By 42 hour, no signal could be detected. In control, no apoptotic ladder signal was detected. The 
absence of signal in control and in RA-treated tail bud samples at 0, 6，12，42，48 hour was 
confirmed in autoradiographs exposed for 4 and 12 hours (data not shown). 
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Fig. 4.3 TUNEL staining of transverse histological sections of tail bud region at 24 
hour after RA treatment. 
All the sections shown in this figure were taken from embryos treated in vivo with 100 mg/kg RA at 9.5 
d.p.c.，except B and E which were taken from control embryos treated with equivalent volume of 
vehicle. 
A. bi the undifferentiated tail bud region located at the caudal extremity of the RA-treated embryo, 
apoptotic cells (arrow) were found scattering throughout the mesenchyme. 
B. Jn the control embryo, apoptotic cell was hardly detectable at the undifferentiated tail bud. 
C. At a more cranial region, apoptotic cells were located mainly at the lateral and ventral regions. Cells 
at the dorsal midline (circled) had condensed together and no apoptotic cell was detected in this 
region. 
D. Haematoxylin and eosin stained section about 30^m cranial to the section in (C). Pyknotic nuclei 
(arrowhead) were present in most of the regions except at the dorsal midline where there was a 
neural tube (nt). Cells that formed the wall of the neural tube exhibited apicobasal orientation with 
the nuclei located at the basal side. Mitotic figures (m) were located at the adluminal side. 
E. The apical ectodermal ridge (aer) is known to be the site of physiological cell death. Apoptotic cells 
were detected at this region in the control embryo. 
F. bi the absence of Tdt, no apoptotic signal was detected in the tail bud of RA-treated embryo. 
G. Li the absence of the primary antibody (goat anti-biotin IgG)，no apoptotic signal was detected in the 
tail bud of RA-treated embryo. 
H. In the absence of the secondary antibody ^)iotinylated rabbit anti-goat IgG), no apoptotic signal was 
detected in the tail bud of RA-treated embryo. 
Labels: aer, apical ectodermal ridge; m, mitotic figure; nt, neural tube; arrow, apoptotic cells; 
arrowhead, pyknotic nuclei 
Scale bar: A, B，D, E 0.2 mm 
C，F，G,H 0 . 1 m m 
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Fig. 4.4 Whole mount in situ hybridization pattern of Wnt-5A, 
Embtyos were treated in vivo with 100 mgyGcg RA ORA-treated) or equivalent volume of vehicle (control) 
at 9.5 d.p.c. and examined at 10 hour and 24 hour after treatment. All embryos shown in this figure were 
hybridized with an anti-sense probe except C, which was hybridized with a sense probe. 
A Control embryo at 10 hour. High level of Wnt-5A transcripts was detected in the presomitic 
mesoderm and the primitive streak/ tail bud (arrow), and also the apical ectodermal ridge (aer) of the 
forelimb bud (fb). Wnt-5A was also expressed in the forelimb bud mesenchyme and the facial 
primordia, but at much lower level. 
B. RA-treated embryo at 10 hour. The expression pattern was similar to that of control at similar stage 
(A) except in the presomitic mesoderm and the primitive streak/ tail bud, the expression level was 
slightly down regulated and restricted to a smaller region. 
C. RA-treated embryo at 10 hour hybridized with a sense probe. No signal was detected. This showed 
that the signal detected in embryos hybridized with the anti-sense probes was due to specific binding 
of Wnt-5A and not non-specific binding or background staining. 
D. Control embryo at 24 hour. The expression pattern was similar to that of control at 10 hour (A). 
Wnt-5A continued to be expressed at high level in the presomitic mesoderm and the tail bud region. 
The hindlimb bud (hb) became prominent and the apical ectodermal ridge also showed distinctive 
expression of Wnt-5A. 
E. RA-treated embryo at 24 hour. The expression pattem was similar to that of control at similar stage 
(D) except no Wnt-5A transcript was detected in the tail bud region. 
F. Caudal region of control embryo in (D). Wnt-5A was strongly expressed in the tail bud region， 
including the undifferentiated tail bud at the caudal extremity and the presomitic mesoderm (pm) 
anterior to it. 
G. Caudal region of RA-treated embryo in (E). Wnt-5A transcripts were undetectable in the tail bud 
although it continued to express strongly in the apical ectodermal ridge of the hindlimb bud. 
Labels: aer, apical ectodermal ridge; fb, forelimb bud; hb, hindlimb bud; pm, presomitic mesoderm; 
arrow, tail bud region 
Scale bar: A-E 1mm 
F-G 0.5 mm 
Control RA-treated 
遍 M 喪、 
一 ^ ^^ u^ 
. . - ^ ^ ^ : . -fb 
A aer _ B C 塵 « m 
2 4 h � u r | ^ : ^ P 
^ ^ J ^ - , t -^W|pW" 
D E 
血 p m + 
A ^ 
^ ^ ^ ^ 叙 2 _ u r h b . ‘ _ 
F G 
Fig. 4.1 Whole mount in situ hybridization pattern of Wnt-5A, 
Embryos were treated in vivo with 100 mg/kg RA ORA-treated) or equivalent volume of vehicle (control) 
at 9.5 d.p.c. and examined at 2 hour, 5 hour, 10 hour and 24 hour after treatment. All embryos shown in 
this figure were hybridized with an anti-sense probe except C, which was hybridized with a sense probe. 
A，D，F, H: Control embryos 
B，C，E, F，G, I: RA-treated embryos 
A. Control embryo at 2 hour. RAR-a was ubiquitously expressed in most tissues. Transcripts were 
detected at the frontonasal mesenchyme (fn), maxillary (mx) and mandibular (mb) mesenchyme, the 
neural tube, in all mesodermal components of the tnmk, the somites (s) and the forelimb buds and 
also in the gut (g)，but very low level in the heart (h). 
B. RA-treated embryo at 2 hour. There was a general up-regulation of RAR-a in most tissues. At the 
caudal extremity ofthe embryo was the primitive streak (arrow), the level of the RAR-a was highly 
up-regulated when compared with that of the control (A). 
C. RA-treated embryo at 2 hour hybridized with a sense probe (the head was removed). No signal was 
detected in any tissue, showing that the expression pattern observed in other embryos using an anti-
sense probe was due to specific binding of RAR-a and not non-specific binding or background 
staining. 
D. Control embryo at 5 hour. RAR-a was expressed in the same domain as that of control at 2 hour (A). 
The high level of expression at the maxillary and mandibular mesenchyme and the forelimb buds 
was more clearly shown in this figure. It was also found that the presomitic mesoderm (the caudal 
boundary of the last somites was marked by arrowhead) and the primitive streak mesenchyme had 
much lower level of RAR-a transcripts than other tissues. 
E. RA-treated embryo at 5 hour. The general up-regulation of RAR-a expression level was maintained. 
The level of transcripts in the presomitic mesoderm and the primitive streak was up-regulated to a 
greater extent than other tissues when compared with the control OD). 
F. Control embryo at 10 hour. Similar expression pattern as (p). The anterior limit of expression of the 
neural tube at rhombomere 3-4 boundary ^)lack broken line) was clearly shown in this figure. 
G. RA-treated embryo at 10 hour. Although the general up-regulation of RAR-a persisted in most 
tissues, the expression in the presomitic mesoderm and the late primitive streak/ tail bud 
mesenchyme had already shown down-regulation (compare F and G; E and G). Growth retardation 
was also evident in the most caudal region of the embryo. 
H. Control embryo at 24 hour. Like other time points, the level of RAR-a transcripts was very low in 
the presomitic and tail bud region. 
I. RA-treated embryo at 24 hour. The expression of RAR-a had already returned to similar level as 
control OH). The caudal region posterior to the hindlimb buds (hb) was severely retarded. There was 
no presomitc mesoderm and the level of RAR-a transcripts in the tail bud was very low. 
Labels: fb, forelimb bud; fn, frontonasal mesenchyme; g, gut; mb, mandibular mesenchyme; mx, 
maxillary mesenchyme; h，heart; hb, hindlimb bud; s somite; arrow, primitive streak/ tail bud; 
arrowhead; the caudal boundary of the last somite; black broken line, boundary of 
rhombomere 3 and 4 
Scale bar: A, B, D，E 1 mm 
C 2 mm 
F，G, H, I 1.3 mm 
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Fig. 4.2 Whole mount in situ hybridization pattern of Wnt-5A, 
Embryos were treated in vivo with 100 mg/kg RA (RA-treated) or equivalent volume of vehicle (control) 
at 9.5 d.p.c. and examined at 2 hour, 5 hour, 10 hour and 24 hour after treatment. All embryos shown in 
this figure were hybridized with an anti-sense probe. 
A，C, E, G: Control embryos 
B，D, F，H: RA-treated embryos 
A. Control embryo at 2 hour. RAR-p transcripts were most abundant in the facial primordia, the 
developing forelimb buds (fb) and the gut (g). bi the neural tube (nt), RAR-p transcripts exhibited an 
anterior limit of expression in the hindbrain corresponded to the rhombomere 6-7 boundary (marked 
by black broken line) and extended caudally until the posterior neuropore (the anterior boundary 
marker by arrowhead) where it was unexpressed. The expression of transcripts in the neural tube was 
difficult to observe from the lateral side, but was prominent when viewed from the dorsal side. 
RAR-p transcripts were barely detectable in the heart (h). 
B. RA-treated embryo at 2 hour. RAR-p transcripts were highly up-regulated in the facial mesenchyme 
(fm), the maxillary (mx) and mandibular (mb) mesenchyme, the forelimb buds and the gut. No 
transcript was detected in the posterior neuropore region and the primitive streak (arrow). 
C. Control embryo at 5 hour. The expression pattern of RAR-p was the same as that of A. It was more 
clearly seen that there was a regional difference in the distribution of RAR-p transcripts in the facial 
primordia. Transcripts were most abundant in the anterior facial mesenchyme around the optic 
vesicle (ov) and in the frontonasal mesenchyme (fn) but at a lower level in the maxillary and 
mandibular mesenchyme. Very few transcripts were detected in the somites (s). 
D. RA-treated embryo at 5 hour. Like the embryo at 2 hour (B), RAR-p was highly expressed in the 
facial mesenchyme, the maxillary and mandibular mesenchyme, the limb buds and the gut. RAR-p 
remained unexpressed in the posterior neuropore region and the primitive streak. 
E. Control embryo at 10 hour. Expression pattem was the same as the previous time point (C). No new 
expression domain was detected. 
F. RA-treated embryo at 10 hour. Sustained elevation of RAR-p expression as in (B) and (D). 
G. Control embryo at 24 hour. RAR-p transrcipts could not be detected in tissues posterior to the 
hindlimb buds (hb). 
H. RA-treated embryo at 24 hour. The expression of RAR-p transcripts was down-regulated to the same 
level as control (compare H and G, H and F). 
Labels: fb, forelimb bud; fm, facial mesenchyme; fn，frontonasal mesenchyme; g, gut; mb, 
mandibular mesenchyme; mx, maxillary mesenchyme; h, heart; hb; hindlimb bud; nt, neural 
tube; ov, optic vesicle; s，somite; arrow, primitive streak/ tail bud; arrowhead; anterior 
boundary of posterior neuropore; black broken line，boundary of rhombomere 6 and 7 
Scale bar: A-D 1 nun 
E-H 1.3 mm 
C o n t r o l � � RA-treated 
2h- : fi^,jj ^|m3 
A : f t ^ 8 ^ B ^ 9 ^ . : : 
ov 
-i^K^ ， ‘^Hi )Jt^ 
5 hour m S ^ ^ ^ « r ^ 
® i � , s 謹 , 
^ i ^ ^ z v ^ ^ 
^ ^ ^ S ^ , ^ H ^ H H 7 
^ ^ ^ ^ w P f 
^ ^ 一 D 
- ‘ fn _ . . ^ 
• o u r yfc^  iiikm 
m§ mJ 
_ ^^K^^ ^^S^^^ 
E F 
24 hour , ^ H ^ ^ | ^ 
# ^ ^ ^ ^ H | p l ^ ^ ^ ^ | ^ H ^ L ^ ^ F b ^ ¾ 
^^ ^^ ^^ ~入JIP ^ I H w ^ ^ ^ V 
^ ^ ^ B a i i ^ i j i i ^ ^ 
G ^ ^ B ^ ^ " ; H ^ ^ ^ ^ ^^^^ ^^^K^^^ 
Fig. 4.5 Whole mount in situ hybridization pattern of Wnt-5A, 
Embryos were treated in vivo with 100 mgy^ cg RA (^A-treated) or equivalent volume of vehicle (control) 
I 
at 9.5 d.p.c. and examined at 2 hour, 5 hour, 10 hour and 24 hour after treatment. All embryos shown in | 
] this figure were hybridized with an anti-sense probe. | 
•) i 
'i 
A, C, E, G: Control embryos 
B, D, F，H: RA-treated embryos 
A. Control embryo at 2 hour. RAR-y transcripts were abundantly expressed in the facial primordia 
including the frontonasal (fn), maxillary (mx) and mandibular (mb) mesenchyme but a lower level 
of expression in the facial mesenchyme (fm). RAR-y was also expressed in the developing forelimb 
buds (fb) and the gut (g). bi the caudal region, RAR-y transcripts were highly expressed in the 
presomitic mesoderm and the primitive streak (arrow) and also in the neuraI fold of the posterior 
neuropore, but not in the closed region of the neural tube. RAR-y did not express in the heart (h) nor 
the somites (S). 
B. RA-treated embryo at 2 hour. There was an up-regulated expression of RAR-y in the facial 
primordia, especially the facial mesenchyme. Expression level in the gut and the limb buds was also 
elevated. In the presomitic mesoderm and the primitive streak, RAR-y expressed abundantly in these 
regions in control embryo (A) and there was no detectable increase in expression level in RA-treated 
embryo. 
C. Control embryo at 5 hour. Expression pattern was similar to (A). Expression in the forelimb bud 
became more prominent. 
D. RA-treated embryo at 5 hour. The up-regulated expression of RAR-y in the facial primordia, 
especially the facial mesenchyme was sustained. RAR-y transcripts expressed in the presomitic 
mesoderm and the primitive streak at similar level as control (C). 
E. Control embryo at 10 hour. Same expression domains as previous time points (A, C). RAR-y 
continued to express strongly in the limb buds, the presomitic mesoderm and the primitive streak. 
F. RA-treated embryo at 10 hour. Sustained elevation of RAR-y expression in the facial primordia. 
Transcripts were restricted to a smaller area in the caudal region since the tail has retarded in 
growth. 
G. Control embryo at 24 hour. Similar expression domain as previous time points (A，C, E). Expression 
in the caudal region posterior to the hindlimb buds (hb) was limited to the tail bud at the caudal 
extremity and the presomitic mesoderm anterior to it, but the level of transcripts was weaker than 
the previous time point. 
H. RA-treated embryo at 24 hour. Similar egression level as control (G) in most tissues except no 
transcript was detected in the tail bud. 
Labels: fb, forelimb bud; fm, facial mesenchyme; fn, frontonasal mesenchyme; g, gut; mb, 
mandibular mesenchyme; mx, maxillary mesenchyme; h，heart; hb; hindlimb bud; s, somite; 
arrow, primitive streak/ tail bud; 
Scale bar: A-D 1 nun 
E-H 1.3 mm 
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Fig. 5.4 Whole mount in situ hybridization patterns of RAR-a, RAR-P and RAR-y 
in the caudal region at 24 hour after RA-treatment. 
A, C, E: Control embryos 
B, D, F: RA-treated embryos 
A. Control embryo. RAR-a was highly expressed in the hindlimb buds (hb) and in most tissues 
including the somites and the neural tube (nt). However, only low level of transcripts was detected 
in the presomitic mesoderm (arrowhead) and the tail bud (arrow). 
B. RA-treated embryo. The caudal most neural tube and somitic mesenchyme were very disorganized. 
RAR-a transcripts were barely detectable in the tail bud. 
C. Control embryo. RAR-p expression in the hindlimb buds showed a gradient with the highest level of , 
expression in the proximal region. The caudal limit of expression in the neural tube was around 
somite 30. Caudal to that, RAR-p was not detectable in any tissue. 
D. RA-treated embryo. RAR-p remained unexpressed in the tail bud. The expression pattern in the 
hindlimb buds and the neural tube was the same as control (C). 
E. Control embryo. RAR-y transcripts were abundant in the hindlimb buds. However, RAR-y did not 
express in the somites (the relatively darker colour was due to low level of expression in the trunk 
mesoderm and in the gut ventral to the somites) nor the neural tube. RAR-y transcripts were ， 
detectable in the presomitic mesoderm and in the tail bud. 
F. RA-treated embryo. RAR-y transcripts were down regulated specifically in the tail bud. 
Labels: hb, hindlimb bud; nt, neural tube; arrow, tail bud; arrowhead, caudal boundary of the last 
visible somite 
Scale bar: A-F 0.66 nun 
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